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ABSTRACT  

The development of light-emitting diode (LED) technology has resulted in widespread 

solid state lighting use in both consumer and industrial applications due to their high-energy 

efficiency, long expected life, and less toxic than compact fluorescent lighting.  

Previous research shows that there are at least two predominate degradation mechanisms. 

One mechanism is the degradation of the LED chip due to the increase of non-radiative 

recombination which reduces the total number of emitted photons. The other predominate 

mechanism is the degradation of the accumulated optical parts from temperature or electric 

stresses. Both failure mechanisms could cause the reduction of luminous flux output. Also, 

degraded optics work as a light spectrum filter and will rescale the intensity of light at each 

wavelength, which will cause the color coordinates to shift. Besides, increase of non-radiative 

recombination of electron and holes will create more heat in the die region that will worsen the 

degradation of optical parts of the LED package. Both failure mechanisms could cause the 

reduction of luminous flux output and color shift of LED packages. 

Currently, TM 80 is the established test method for LED packages to access the quality, 

reliability and durability before being introduced into to the customers. However, TM80 test only 

concerns the temperature stress form the operation environment. In LED-based luminaire 

applications, some are operated in the harsh environment.  During the operation, the LED package 

not only experiences the high bias current and ambient   temperature, but also the humidity around 

the package, especially for the road lighting and   automobile lighting.  There is literature gap for 

the accelerated test methods for high power LED packages that includes both the thermal and 
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humidity effects from the ambient environment. Currently, TM21 long term lumen maintenance 

projecting method are used to extend the test data to the desired time to predict the lumen 

maintenance time. One principal issue of TM21 is that it is derived based on the Arrhenius equation 

and is lack of additional stresses to characterize the non-temperature dependent failure mechanism, 

such as humidity. Therefore, there exists a need of physics based method to estimate the life time 

of LED packages under certain operation condition which includes both ambient temperature and 

humidity.  

 The disadvantage and deficiencies in TM80 and LM21 validates the needs to develop new 

acceleration test method and estimation techniques to quantify the reliability of high power LED 

package under a variety of operation conditions. In this paper, experiments are set up to explore 

the different effects of the humidity and the thermal stress on various LED packages. Commercial 

available warm white (3000K) and cool white high power LED packages are used to study the 

degradations caused by temperature and humidity. The test results in this work increases the 

understating the reliability of LED packages through the investigation of failure mechanism under 

various acceleration test conditions. Besides, the prognostic health management method developed 

in this work increases the accuracy of estimation of remaining useful life of high power LED 

package. These methods will greatly reduce the time and effort needed to estimate the lumen 

maintenance time of LED package during the application. 



iv 

ACKNOWLEDGMENTS  

My sincerest thanks to my professor and mentor, Dr. Pradeep Lall, for his support and 

guidance during my study at Mechanical Engineering Department of Auburn University for my 

Ph.D degree. A special thanks to Dr. Lynn Davis for his sponsorship and help during the difficult 

time of my research and for agreeing to be one of my committee members. I would also like to 

thank Dr. Jeff Suhling, Dr. John Hung, Dr. David Beale, and Dr. Michael Bozack for supporting 

me in the completion of my Ph.D study and this dissertation. Special thanks to my lab mates and 

friends for their help in some form or another to the success of my research, such as Peter 

Sakalaukus, Di Zhang, Shantanu Shashikant Deshpand, Ryan Lowe and Kalyan Dornala. I would 

also like to thank the staff of the Mechanical Engineering Department for offering assistance when 

needed, especially our technician Mr.John Marcell. A very special thanks to my beautiful wife, 

Lei, for being there when my stress level was at the max and for taking on extra duties at home. I 

love you and would not have succeed without you. I would give my deepest gratitude to my parents 

Shiwei Zhang, Suzhen and my aunt Xiaoli Zhang, for their endless love, and spiritual support 

throughout my life. 



v 

TABLE OF CONTENTS 

ABSTRACT ........................................................................................................................... II  

ACKNOWLEDGMENTS ....................................................................................................... IV  

TABLE OF CONTENTS ......................................................................................................... V 

LIST OF FIGURES ................................................................................................................ IX  

LIST OF TABLES ............................................................................................................. XXV  

1. INTRODUCTION ......................................................................................................... 27 

1.1. SOLID-STATE LIGHTING .................................................................................... 28 

1.2. P-N JUNCTION .................................................................................................... 29 

1.3. RECOMBINATION ............................................................................................... 43 

1.4. HETEROJUNCTION STRUCTURE ......................................................................... 56 

1.5. EMISSION PATTERN ........................................................................................... 60 

1.6. HIGH POWER PACKAGE ..................................................................................... 66 

1.7. WHITE LIGHT ..................................................................................................... 73 

1.8. PHOSPHOR CONVERTED LED ............................................................................. 77 

2. LITERATURE REVIEW ................................................................................................ 83 

2.1. LED SEMICONDUCTOR DEVICE RELIABILITY  .................................................... 84 

2.2. LED PACKAGE RELIABILITY .............................................................................. 96 

2.3. PHOSPHOR RELIABILITY.................................................................................. 101 



vi 

2.4. DIAGNOSTIC AND LIFETIME PREDICTION ....................................................... 108 

2.4.1. BUILD-IN TEST ............................................................................................. 110 

2.4.2. RELIABILITY CANARY  ................................................................................. 113 

2.4.3. ACCELERATED LIFE TEST ............................................................................ 115 

2.4.4. TRADITIONAL LIFE PREDICTION MODELS ................................................... 120 

2.4.5. LIFETIME PREDICTION WITH LEADING INDICAT OR .................................... 123 

3. EXPERIMENTAL SETUP AND MEASUREMENTS ........................................................ 130 

3.1. TEST VEHICLES ................................................................................................ 130 

3.2. TEST CONDITIONS ........................................................................................... 140 

3.2.1. HIGH TEMPERATURE STORAGE LIFE TEST (HTSL) ....................................... 140 

3.2.2. WET HIGH TEMPERATURE OPERATING LIFE TEST (WHTOL) ........................ 143 

3.3. MEASUREMENT ............................................................................................... 145 

3.3.1. PHOTOMETRIC PROPERTIES ........................................................................ 145 

3.4. LUMINOUS FLUX ............................................................................................. 149 

3.5. RADIANT POWER ............................................................................................. 150 

3.5.1. COLORIMETRICAL PROPERTIES ................................................................... 151 

3.6. TRISTRIMULUS VALUES .................................................................................. 151 

3.7. COLOR SPACE .................................................................................................. 154 

3.8. COLOR SHIFT DISTANCE .................................................................................. 157 

3.9. CORRELATED COLOR TEMPERATURE ............................................................. 159 



vii  

3.10. COLOR RENDER INDEX (CRI) ........................................................................... 164 

3.11. PEAK WAVELENGTH ........................................................................................ 170 

3.12. PHOTON NUMBER ............................................................................................ 170 

3.13. VI CURVE ......................................................................................................... 171 

4. EXPERIMENTAL RESULTS AND FAILURE MECHANISM ANALYSIS .......................... 173 

4.1. WHTOL TEST WITHOUT ELECTRICAL BIAS ...................................................... 173 

4.2. HTSL TEST WITH ELECTRICAL BIAS ................................................................ 181 

4.3. WHTOL TEST WITH ELECTRICAL BIAS............................................................. 192 

4.3.1. WHTOL TEST WITH ELECTRICAL BIAS IN THE VOC CONTAMINATED 

ENVIRONMENT .................................................................................................................... 193 

4.3.2. WHTOL TEST WITH ELECTRICAL BIAS IN THE CLEAN ENVIRONMENT ........ 201 

4.4. TEMPERATURE HUMIDITY EFFECTS COMPARISON ......................................... 226 

4.5. FAILURE MECHANISM ANALYSIS .................................................................... 229 

4.5.1. FAILURE ANALYSIS OF VOC CONTAMINATION ........................................... 229 

4.5.2. ANALYSIS OF HUMIDITY EFFECTS ON THE PHOSPHOR LAYER ................... 234 

5. LIFETIME PREDICTION AND MODELING .................................................................. 239 

5.1. PHM METHODOLOGY....................................................................................... 239 

5.2. STATE ESTIMATION ......................................................................................... 245 

5.2.1. EXTENDED KALMAN FILT ER ....................................................................... 247 

5.2.2. UNSCENTED KALMAN FILTER ..................................................................... 253 



viii  

5.3. PHYSICS BASED MODELING ............................................................................ 261 

5.3.1. TM21 ............................................................................................................ 261 

5.3.2. COLOR SHIFT DISTANCE MODELING ........................................................... 263 

6. FUTURE WORK AND CONCLUSIONS ........................................................................ 279 

6.1. FUTURE WORK................................................................................................. 279 

6.2. CONCLUSIONS ................................................................................................. 279 

REFERENCES .................................................................................................................... 281 

 



ix 

L IST OF FIGURES 

 

Figure 1: P-N Diodes with dopants. .................................................................................. 30 

Figure 2: Space charge region and neutral region in P-N junction at equilibrium. .......... 31 

Figure 3: Electrical chareg density of p-n diodes at equliburium. (Kasap, 2001) ............ 33 

Figure 4: Electrical Distribution in the p-n diodes at equilibrium. ................................... 34 

Figure 5: Carrier density in the p-n diodes at equilibuium. .............................................. 35 

Figure 6: Potential distribution of p-n diode at equilibrium. ............................................ 36 

Figure 7: Diode I-V curve.  (Pierret R. F., 1996) .............................................................. 43 

Figure 8: Generation and Recombinationin Steady State. (Pierret R. F., 1996) ............... 46 

Figure 9: Electron and Holes Distribution. ....................................................................... 51 

Figure 10: Emitted Light Spectrum of LED. .................................................................... 53 

Figure 11: Light intensity vs Current. (Schubert, 2006) ................................................... 54 

Figure 12: Carriers Distribution of forward biased homojunction.  (Kasap, 2001) .......... 57 

Figure 13: Heterojunction of LED.  (Kasap, 2001) .......................................................... 57 

Figure 14: Band diagram of a hetero junction LED. (Kasap, 2001) ................................. 58 



x 

Figure 15: Forward biased heterojunction. (Kasap, 2001) ............................................... 59 

Figure 16: Light Escape cone. (Schubert, 2006)............................................................... 61 

Figure 17: LED emission pattern (Davidson, n.d.) ........................................................... 63 

Figure 18: Gemoetrical Used to Calculate the light pattern. ............................................ 64 

Figure 19: Vertical Structure of LED.  (Nguyen, 2010).................................................... 68 

Figure 20: Scheme diagram of a blue LED chip. (Nguyen, 2010) ................................... 69 

Figure 21: Vertical Thin Film LED. .................................................................................. 70 

Figure 22: Fabrication process of vertical thin film LED. ................................................ 71 

Figure 23: Thin film flip chip LED. .................................................................................. 72 

Figure 24: Eye Sensitivity Function. (Zukauskas, 2002) .................................................. 74 

Figure 25: Color Mixing LEDs. ........................................................................................ 75 

Figure 26: White Source LED with Phosphor excited by  Blue or UV LED. .................. 78 

Figure 27: Typical Cool White LED Spectrum................................................................. 80 

Figure 28: Warm White LED spectrum. ........................................................................... 81 

Figure 29: Light output injected current characteristic of the InGaN/AlGaN LED on sapphire 

under dc operation at 30 ÁC. The inset shows the aging result under a constant curren 

density of 60A/cm2 at 30 ÁC. (Egawa, 1997) ........................................................ 86 



xi 

Figure 30: Emission Spectrum of GaN based LED at various injected current. (Egawa, 1997)

............................................................................................................................... 87 

Figure 31: EL image of 67 hours of degradation. (Egawa, 1997) .................................... 88 

Figure 32: EL images of 310 hours of degradation. (Egawa, 1997) ................................. 88 

Figure 33: Forward I-V characteritics of GaN based LED. (Cao, 2003) .......................... 89 

Figure 34: EL Spectrum of GaN based LED. (Cao, 2003) ............................................... 90 

Figure 35:Optical power measurment of the passivated and unpassivated LED at 250ÁC. 

(Meneghini M. P., 2006) ....................................................................................... 91 

Figure 36: I-V curves measurements of LED with passivation layer at 250ÁC. (Meneghini M. T., 

2006) ..................................................................................................................... 92 

Figure 37: Current-Voltage Curves of the LED without the passivation layer. (Meneghini M. T., 

2007) ..................................................................................................................... 92 

Figure 38: Photoluminescence spectra obtained from the GaN based LED at with the Mg-doped 

p-GaN layer activated at the temperatures range from 7501C to 9251C fo 30 s in a N2 

ambient. (Youn, 2003) .......................................................................................... 94 

Figure 39: TEM Image of the InGaN/GaN MQW annealed at 8251C for 30 s. (Youn, 2003)

............................................................................................................................... 95 

Figure 40: Photoluminescence spectra of annealed samples with various annealing durations. 

(Chuo, 2001) ......................................................................................................... 95 

Figure 41: LED package with various optical parts.......................................................... 96 



xii  

Figure 42: Extraction efficiency of epoxy as a function of refractive index. (Lin, 2006) 97 

Figure 43: Thermal Performance of different epoxies. (Lin, 2006) .................................. 98 

Figure 44: 200 hours thermal aging at different aging temperature. (DeShazer, 2014) ... 99 

Figure 45: Light output variation as a function of aging time at different temperature. (Narendran 

N. G., 2004) ........................................................................................................ 100 

Figure 46: Decay Constant as a function of junctin temperature. (Narendran N. G., 2004)101 

Figure 47: Room temperature excitation (left) and emission spectrum (right) of Y3Al5O12:Ce
3+ 

phosphor. (Pust, 2014) ........................................................................................ 102 

Figure 48 Normalized spectra of various yellow-emitting phosphors: (a) YAG:Ce, (b) TAG:Ce, 

and (c) Sr3SiO5:Eu
2+, respectively. (Jang, 2009) ................................................ 103 

Figure 49: Light Spectral of white LEDs using (a) YAG:Ce, (b) TAG:Ce, (c) SS:Eu, and (d) 

YAG:Ce+SS:Eu under various currents (DC 10, 20, 30, 40, 50 and 60 mA). (Lunia, 2014)

............................................................................................................................. 104 

Figure 50: (a) The CIE color coordinates of the pc-LEDs and (b) the variation of the CIE color 

coordinates of the pc WLEDs as a function of the applied current (DC 10, 20, 30 40, 50, 

and 60 mA). (Jang, 2009) ................................................................................... 105 

Figure 51: Relative Power output of phosphor based LED at different phosphor concentration. 

(Tran N. T., 2009) ............................................................................................... 106 

Figure 52: Interaction of excied light and a phosphor particles. (a) scattering light distribution (b) 

isotropic emission of yellow light. (Tran N. T., 2009) ........................................ 107 

Figure 53: Lumen ouput of phosphor LED with different particle sizes. (Tran N. T., 2009)108 



xiii  

Figure 54: BIT test scheme of IC. (Gao, 2002) ...............................................................112 

Figure 55: Idealized bathtub reliability curves for the functional circuit and canary components. 

(Mishra S. P., 2002)..............................................................................................115 

Figure 56: Random Vibration Profile. (Lall P. L., 2011a)................................................119 

Figure 57: Weibull Plot of a Resistor Termination Study (John Evans, 2016) ............... 121 

Figure 58: Depiction of a cracked solder joint as the result of applied stress. (Lall P. L., 2011b)

............................................................................................................................. 124 

Figure 59: Resistance Spectroscopy sheme diagram. ..................................................... 125 

Figure 60: Data Flow of resistance spectroscopy. .......................................................... 126 

Figure 61: Package configuration of XR-C LED. (CREE, 2007-2013) ......................... 131 

Figure 62: White Spectrum of XR-C LED package. (CREE, 2007-2013) ..................... 132 

Figure 63: Light Spatical Distribution of XR-C LED Package. (CREE, 2007-2013) .... 132 

Figure 64: Phosphor converted XR-C white LED Package: Package on star board(left), Package 

only(Middle), Die region (Right). ....................................................................... 133 

Figure 65: Mechanical Dimension of XP-G LED package. (CREE, 2009-2012) .......... 135 

Figure 66: Radiant spectrum of XP-G LED with different color temperature. (CREE, 2009-2012)

............................................................................................................................. 135 

Figure 67: Light emission pattern of XP-G LED package. (CREE, 2009-2012) ........... 136 



xiv 

Figure 68: XP-G LED package structure. ....................................................................... 137 

Figure 69: Spectrial distribution of XTE LED package. (CREE, 2011-2016) ............... 138 

Figure 70: Dimensions of XTE LED package. (CREE, 2011-2016) .............................. 139 

Figure 71: Appearance of XTE LED package. Package and star board (Left), LED 

package(Middle), Die region (right). (CREE, 2011-2016) ................................. 139 

Figure 72: Light spatial distribution of XTE LED. (CREE, 2011-2016) ....................... 140 

Figure 73: HTSL Test Conditions. .................................................................................. 141 

Figure 74: Thrmal Environmental Chamber used in the HTSL. .................................... 142 

Figure 75: LED packages under HTSL Test. .................................................................. 142 

Figure 76: WHTOL Test conditions. ............................................................................... 143 

Figure 77: Temperature and Humidity Chamber used in WHTOL Test. ........................ 144 

Figure 78: LED packages powered up inside the Temperature and Humidity Chamber.145 

Figure 79: Integrated Sphere Measurement System. ...................................................... 146 

Figure 80: Measured Spectral Radiant Flux. .................................................................. 147 

Figure 81: Absorption Factor of LED packages. ............................................................ 149 

Figure 82: 1931 and 1964 Color Match Function. (CIE, 1924) (Wyszecki, 1982) ........ 152 



xv 

Figure 83: CIE Illumination Spectral power distribution. (CIE, 1931) (Wyszecki, 1982)153 

Figure 84: CIE XYZ Color Space. (Wyszecki, 1982) .................................................... 154 

Figure 85: 1931 Chromaticity Diagram with the Planckian locus and isothermal lines. 155 

Figure 86: CIE 1976 chromaticity diagram. ................................................................... 156 

Figure 87: Color shift distance in 1976 Chromaticidy Diagram..................................... 157 

Figure 88: ANSI tolerance for CFL and SSL. ................................................................. 158 

Figure 89: Spectrum of black body with different temperatures. (Wikipedia, 2006) ..... 159 

Figure 90: Planckian locus(Red line) in the 1976 chromaticity diagram. ...................... 161 

Figure 91: Location of the Corrleated Color Temperature on the Planckian locus. (Ohno, 2014)

............................................................................................................................. 162 

Figure 92: Triangular principle of CCT Calculation. (Ohno, 2014) ............................... 163 

Figure 93: CIE Test color sample reflectivity. (CIE, 2004a) .......................................... 166 

Figure 94: LED VI Curve Test Result............................................................................. 172 

Figure 95: PWM Setup. .................................................................................................. 174 

Figure 96: Data Logger Set Up. ...................................................................................... 175 

Figure 97: LabVIEW program for the data acquisition. ................................................. 175 



xvi 

Figure 98: Modified PWM Output. ................................................................................ 176 

Figure 99: XRC RMS IV Curve for WHTOL test without bias. .................................... 177 

Figure 100: Thermal Resistance set up at the initial state. ............................................. 178 

Figure 101: Change of Luminous flux vs aging time at forward voltage 2.3 V RMS. ... 179 

Figure 102: Change of Forward Current vs aging time at 2.3 V RMS. .......................... 179 

Figure 103: Correlation of forward current, luminous flux and resistance (Sample-1). . 180 

Figure 104: Correlation of forward current, luminous flux and resistance (Sample-1). . 180 

Figure 105: Change of Radiant flux vs aging time. ........................................................ 181 

Figure 106: Radiant Flux Measurment  of XRC LED at 105ÁC. .................................... 184 

Figure 107: Radiant Flux Measurment  of XRC LED at 175ÁC. .................................... 184 

Figure 108: XRC LED luminous Flux measurements at 105ÁC. .................................... 185 

Figure 109: XRC LED luminous Flux measurements at 175ÁC. .................................... 185 

Figure 110: XRC Correlated Color Temperature measurement at 105ÁC. ..................... 186 

Figure 111: XRC Correlated Color Temperature measurement at 175ÁC. ..................... 186 

Figure 112: XRC radiant power measurement at 105ÁC. ............................................... 187 



xvii  

Figure 113: XRC radiant power measurement at 175ÁC. ............................................... 187 

Figure 114: XRC Blue to Yellow Ratio measurement at 105ÁC. .................................... 188 

Figure 115: XRC Blue to Yellow Ratio measurement at 175ÁC. .................................... 188 

Figure 116: XRC Color shift distance measurement at 105ÁC. ...................................... 189 

Figure 117: XRC Color shift distance measurement at 105ÁC. ...................................... 189 

Figure 118: XRC  Color Shift Path measurement at 105ÜC. ........................................... 190 

Figure 119: XRC VI curve measurement at 105ÜC. ........................................................ 190 

Figure 120: XRC VI curve measurement at 175ÜC. ........................................................ 191 

Figure 121: Potential Contamination Source. ................................................................. 194 

Figure 122: Expansion of Contamination Area. ............................................................. 195 

Figure 123:Relative Luminous Flux measurement of Group1. ...................................... 196 

Figure 124: Correlated Color Temperature measurement of Group1. ............................ 196 

Figure 125: Color Shift in Chromaticity Tolerance of ANSI of Group 1. ...................... 197 

Figure 126: Relative Luminous Flux Measuement of  Group2. ..................................... 198 

Figure 127: Correlated Color Temperature measurement of Group2. ............................ 198 



xviii  

Figure 128: Color Shift Distance Measurement of Group2. ........................................... 199 

Figure 129: Color Shift in Chromaticity Tolerance of ANSI of Group 2. ...................... 199 

Figure 130: Reversing Process of VOC contamination. ................................................. 200 

Figure 131: Absolute Radiant Flux Measuremnt of XR-C LED at 85ÁC/85%RH. ........ 203 

Figure 132: Luminous Flux Measurement of XR-C LED at 85ÁC/85%RH. .................. 204 

Figure 133: Correlated Color Temperature Measurement of XR-C LED at 85ÁC/85%RH.204 

Figure 134: Radiant Power Measurement of XR-C LED at 85ÁC/85%RH. ................... 205 

Figure 135: Blue to Yellow Ratio Measurement of XR-C LED at 85ÁC/85%RH. ......... 205 

Figure 136: Yellow Peak Wavelength Measurement of XR-C LED at 85ÁC/85%RH. .. 206 

Figure 137: Color Shift Distance Measurement of XR-C LED at at 85ÁC/85%RH. ...... 206 

Figure 138: Color Shift Path of XR-C LED at 85ÁC/85%RH. ....................................... 207 

Figure 139: XR-C VI curve measurement at 85ÁC/85%RH. .......................................... 207 

Figure 140: Absolute Radiant Flux Measurement of XP-G LED at 85ÁC/85%RH. ....... 208 

Figure 141: Luminous Flux Measurement of XP-G LED at 85ÁC/85%RH. .................. 208 

Figure 142: Correlated Color Temperature Measurement of XP-G LED at 85ÁC/85%RH.209 



xix 

Figure 143: Radiant Power Measurement of XP-G LED at 85ÁC/85%RH. ................... 209 

Figure 144: Blue to Yellow Ratio Measurement of XP-GLED at 85ÁC/85%RH. .......... 210 

Figure 145: Yellow Peak Wavelength Measurement of XP-G LED at 85ÁC/85%RH. ... 210 

Figure 146: Color Shift Distance Measurement of XP-G LED at 85ÁC/85%RH ............211 

Figure 147: Color Shift Path of XP-G LED at at 85ÁC/85%RH. ....................................211 

Figure 148: XP-G VI curve measurement at 85ÁC/85%RH. .......................................... 212 

Figure 149: Correlated Color Temperature Measurement of XP-G LED at 75ÁC/75%RH.212 

Figure 150: Color Shift Distance Measurement of XP-G LED at 75ÁC/75%RH. .......... 213 

Figure 151: Absolute Radiant Flux Measurement of XT-E LED at 85ÁC/85%RH. ....... 213 

Figure 152: Luminous Flux Measurement of XT-E LED at 85ÁC/85%RH. ................... 214 

Figure 153: Correlated Color Temperature Measurement of XT-E LED at 85ÁC/85%RH.214 

Figure 154: Radiant Power Measurement of XT-E LED at 85ÁC/85%RH..................... 215 

Figure 155: Blue to Yellow Ratio Measurement of XT-E LED at at 85ÁC/85%RH. ...... 215 

Figure 156: Yellow Peak Wavelength Measurement of XT-E LED at 85ÁC/85%RH. ... 216 

Figure 157: Color Shift Distance Measurement of XT-E LED at at 85ÁC/85%RH. ...... 216 



xx 

Figure 158: Color Shift Path of XT-E LED at at 85ÁC/85%RH. .................................... 217 

Figure 159: XTE VI curve measurement at 85ÁC/85%RH. ............................................ 217 

Figure 160: Absolute Radiant Flux Measurement of XT-E LED at 75ÁC/75%RH. ....... 218 

Figure 161: Luminous Flux Measurement of XT-E LED at 75ÁC/75%RH. ................... 218 

Figure 162: Correlated Color Temperature Measurement of XT-E LED at 75ÁC/75%RH.219 

Figure 163: Radiant Power Measurement of XT-E LED at 75ÁC/75%RH..................... 219 

Figure 164: Blue to Yellow Ratio Measurement of XT-E LED at at 75ÁC/75%RH. ...... 220 

Figure 165: Yellow Peak Wavelength Measurement of XT-E LED at 75ÁC/75%RH. ... 220 

Figure 166: Color Shift Distance Measurement of XT-E LED at 75ÁC/75%RH. .......... 221 

Figure 167: Color Shift Path of XT-E LED at 75ÁC/75%RH. ........................................ 221 

Figure 168: XT-E VI curve measurement at 75ÁC/75%RH. ........................................... 222 

Figure 169: Absolute Radiant Flux Measurement of XT-E LED at 65ÁC/90%RH. ....... 222 

Figure 170: Luminous Flux Measurement of XT-E LED at 65ÁC/90%RH. ................... 223 

Figure 171: Correlated Color Temperature Measurement of XT-E LED at 65ÁC/90%RH.223 

Figure 172: Radiant Power Measurement of XT-E LED at 65ÁC/90%RH..................... 224 



xxi 

Figure 173: Blue to Yellow Ratio Measurement of XT-E LED at 65ÁC/90%RH. .......... 224 

Figure 174: Yellow Peak Wavelength Measuremnt of XT-E LED  at 65ÁC/90%RH. .... 225 

Figure 175: Color Shift Distance Measuremnt of XT-E LED at 65ÁC/90%RH. ............ 225 

Figure 176: Color Shift Path of XT-E LED at 65ÁC/90%RH. ........................................ 226 

Figure 177: XR-C LED luminous flux maintenance measurement at various aging conditions.

............................................................................................................................. 226 

Figure 178: Radiant Power Measurements of XR-C LED. ............................................ 227 

Figure 179: Color Shift Distance Measuremnt of XR-C LED under various aging conditions.

............................................................................................................................. 228 

Figure 180: Cross-Section Analysis of the VOC Contamination Area. .......................... 229 

Figure 181: Prinstine XP-G LED Package Cross-Section. ............................................. 230 

Figure 182: LED Package Structure. .............................................................................. 230 

Figure 183: SEM View of the Chip Area. ....................................................................... 231 

Figure 184:Optical Image of the VOC Contamination. .................................................. 231 

Figure 185: SEM view and EDX Analysis of Adhensive and Conductive Layer. .......... 233 

Figure 186: SEM View of the Whole Chip Area. ........................................................... 233 

Figure 187: Lens Removed XP-G LED Package Samples. ............................................ 234 



xxii  

Figure 188: Comparison Between the Controlled Sample and the Failure Sample. ...... 235 

Figure 189: Optical Picture of the Cross Section Surface. The left image is for pristine sample. 

The middle one is the optical image of the samples under 85ÁC/85% for 5708 hours. The 

right image is for the samples under 105ÁC for 6360 hours. .............................. 236 

Figure 190: SEM Images of 273 magnification. The left image is for the pristine sample. The 

right one is the image of the sample under 85ÁC/85% for 5708 hours. .............. 236 

Figure 191: SEM Images of 2580 magnification. The left image is for the pristine sample. The 

right one is the image of the sample under 85ÁC/85% for 5708 hours. .............. 237 

Figure 192: SEM Images of 2580 magnification. The left image is for the pristine sample. The 

right one is the image of the sample under 105ÁC for 6360 hours. .................... 237 

Figure 193: Scheme Graph of PHM Methothology. ....................................................... 240 

Figure 194: Prediction Distribution. ............................................................................... 241 

Figure 195: Illustration of Remaing Useful life. ............................................................. 242 

Figure 196: Risk Based Decision Making Method. ........................................................ 243 

Figure 197: Predicted Time Range to Take Action. ........................................................ 244 

Figure 198: Updated Prediction of Failure Time. ........................................................... 244 

Figure 199: State Estimation Framework. ...................................................................... 245 

Figure 200: State Estimation Process. ............................................................................ 247 

Figure 201: Comparision between the Filtered Data with the Experimental Data. ........ 251 



xxiii  

Figure 202: Projection of Relative luminous flux and the Calculation of RUL. ............ 251 

Figure 203: Predicted RUL vs the Ideal RUL. ................................................................ 252 

Figure 204: UKF Frame work......................................................................................... 255 

Figure 205: Projection of Luminous Flux with Trained Estimator. ................................ 257 

Figure 206 : Projection of Color Shift Distance with Trained Estimator. ....................... 257 

Figure 207: Predicted RUL with Luminous Flux. .......................................................... 259 

Figure 208 : Predicted RUL with Color Shift Distance. ................................................. 259 

Figure 209: Beta Matric. ................................................................................................. 260 

Figure 210: Relative Accuracy of Prediction. ................................................................. 261 

Figure 211: Projection of Relative Luminous Flux with TM21 Method. ....................... 263 

Figure 212: Color Shift Distance Measurement. ............................................................ 264 

Figure 213: Correlated Color Temperature. .................................................................... 265 

Figure 214: Blue Peak Intensity Wavelength. ................................................................. 265 

Figure 215: Yellow Peak Intensity Wavelength. ............................................................. 266 

Figure 216: Accumulated Percentage Contribution from Each Variable. ....................... 272 



xxiv 

Figure 217: Prediction of Model Constant a. .................................................................. 276 

Figure 218: Prediction Error of Model Constant b. ........................................................ 276 

Figure 219: Prediction Error of Model Constant c. ........................................................ 277 

Figure 220: Predicated Color Shift distance vs Experimental Data. .............................. 277 

 

 

 

 

 

 



xxv 

L IST OF TABLES 

 

 

Table 1: Accelerated Test Conditions (Suhir, 2002) ........................................................117 

Table 2: Failure Mehcanisms and the corresponding acclerated stressed (Suhir, 2002) .118 

Table 3: Characteristics of XR-C LED (CREE, 2007-2013) .......................................... 130 

Table 4: Electrical and Thermal Characteristics of XP-G LED Package (CREE, 2009-2012)

............................................................................................................................. 134 

Table 5: Electrical and optical characteristics of XTE LED (CREE, 2011-2016) .......... 137 

Table 6: Color Distance between Tested Source and Black Body Radiation (Ohno, 2014)161 

Table 7: Standard CIE Test Color Samples (CIE, 1995) ................................................. 165 

Table 8: Test Condition of Each Group .......................................................................... 182 

Table 9: Measured and Calculated Parameters ............................................................... 183 

Table 10: Test Groups ..................................................................................................... 194 

Table 11: Group Attributes .............................................................................................. 202 

Table 12: Potential Parameters of Color Shift Distance Model ...................................... 268 

Table 13: Independent Variables of Each LED Package ................................................. 270 



xxvi 

Table 14: Predicted Color Shift Distance Model Constant a and b ................................ 274 

Table 15: Predicted Color Shift Distance Model Constant c .......................................... 274 



27 

1. INTRODUCTION 

LEDs packages are called solid state lighting devices, because they utilize semiconductor 

material instead of a filament or neon gas. An LED package consists of a tiny semiconductor chip 

encapsulated in a silicone enclosure, which makes LEDs far sturdier than traditional incandescent 

light bulbs or fluorescent tubes. Since the package of LED donôt have fragile components such as 

glass and filaments, LED packages are able to withstand shock, vibration and relative high 

temperature (DOE EERE, 2013c) (DOE: EERE, 2013b) (DOE: EERE, 2014a) (DOE: EERE, 

2013a) (DOE: EERE, 2012) (DOE: EERE, 2013d).  

An LED light will last over 7 years (constant use) before needing replacement. On average, 

LED bulbs can last 10 times as long as compact fluorescent bulbs, and 133 times longer than 

typical incandescent bulbs. Long lifespan of LEDs will dramatically reduce maintenance costs and 

lower long term operating costs compared with traditional incandescent and fluorescent tubes 

(EERE, 2006).  

LEDs are extremely energy efficient and consume up to 90% less power than incandescent 

bulbs. LEDs are the most efficient way of providing illumination and lighting, with an estimated 

energy efficiency of 80%-90% when compared to traditional lighting. With traditional 

incandescent light bulbs who operate at 20% energy efficiency and 80% of the electricity is lost as 

heat. Since LEDs use only a fraction of the energy of an incandescent light bulb there is a dramatic 

decrease in power costs. Also, money and energy is saved in maintenance and replacement costs 

due to the long LED lifespan (Miller N. K., 2014a) (Miller N. M., 2013). 
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Most compact fluorescent lamp contains a variety of toxic material such as mercury that 

are dangerous to our environment. LED packages contains not toxic material and 100% of the 

material can recycled. Also, the long operational lifetime could also save lots of material to build 

light bulbs.  

The illumination from LED packages donôt contain infrared light and ultra violet (UV) 

emission. By adjusting the material used in the device, the spectrum can be controlled according 

to the requirement. Because of this, LED lighting is highly suitable for illumination of UV sensitive 

objective, materials and buildings, such as museums, art galleries, archeological sites etc. When 

powered on, LED lights can brighten up immediately, which has great advantages for 

infrastructure project, such as traffic and signal lights. Also, LED lights can be switched off and 

on at a high frequency, without affecting the LEDôs reliability and light output. In contrast, 

traditional lighting may take several minutes to reach full brightness, and high frequency switching 

will drastically decrease the expected life time. LED package is a point light source. Therefore, 

several packages can be arranged in any shape to achieve the illumination design requirement. By 

controlling the driver, individual LEDs can be dimmed, resulting in a dynamic control of light, 

color and distribution. Well-designed LED illumination systems can achieve fantastic lighting 

effects, not only for the eye but also for the mood and the mind: LED mood illumination is already 

being used in airplanes, classrooms and many other locations and we can expect to see a lot more 

LED mood illumination in our daily lives within the next few years. 

1.1. SOLID -STATE L IGHTING  

The LED package typically consists of optical semiconductor devices, optical parts and 

electronic connections.  The core part of the package is the two-lead semiconductor light source. 

It is a p-n junction diode which can emit light when forward biased. When a suitable voltage is 
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applied to the leads, electrons can recombine with electron holes within the device, releasing 

energy in the form of photons. This effect is called electroluminescence and the color the LED is 

determined by the energy band gap of the material used in the p-n junction (Zukauskas, 2002).  

Initially LED colors were very restricted. For the first years, only red LEDs were available. 

However, as semiconductor processes were improved and new research was undertaken to 

investigate new materials for LEDs, different colors became available. The two main types of 

LEDs presently used for lighting systems are aluminum gallium indium phosphide (AlGaInP, 

sometimes rearranged as AlInGaP) alloys for red, orange and yellow LEDs; and indium gallium 

nitride (InGaN) alloys for green, blue and violet LEDs. Slight changes in the composition of these 

alloys changes the color of the emitted light. There are various combinations, each of which 

releases varying amounts of energy per the semiconductor material's bandgap. When charge 

carriers are recombined, photons are emitted according to specific discrete energy levels. This 

specifies the light color. Each LED light color is limited to a very narrow range of wavelength 

which accordingly only represents a specific light color. Invisible light spectrum can also be 

produced by LED such as infrared and ultraviolet color.   The only spectra that cannot be produced 

directly from the chip are broad band emission, such as the white light spectrum, since white light 

represents a mixture of all light colors. 

1.2. P-N JUNCTION  

The LED is a p-n junction device with two type of semiconductor materials, p-type and n-

type. The two different semiconductor materials are created by doping, for example by diffusion, 

ion plantation, and sputter. For LED device, it is usually creased by epitaxy, growing a layer of 

crystal doped with one type of dopant on top of another layer of crystal doped with another type 

of dopant. With different crystal of the p-n junction, the LED will emit different color spectrum. 
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P-N junction servers as the elementary building blocks of most semiconductor electronic devices 

such as diodes, bipolar junction transistor, solar cells and LEDs. A LED is essentially a P-N 

junction diode typically made from a direct bandgap semiconductor, for example GaAs, in which 

the electron-hold pair recombination results in the emission of a photon. The emitted photonsô 

energy is approximately equal to the bandgap energy (Schubert, 2006) (Colinge, 2005) (Pierret R. 

F., 1996) (Pierret R. F., 2003).   

 

Figure 1: P-N Diodes with dopants. 

 Figure 1 shows a p-n diodes structure (Kasap, 2001). The positive donor is As and the 

negative acceptor is B.  In the N region, there is immobilized ionized donors and the free electrons. 

In the P region, there is fixed ionized acceptors and holes.  

The concentration of donor in the N region is Nd and the concentration of the acceptor in 

the P region is Na.  Due to the hole concentration gradient from the p-side where p=pp0 to the N-

side where the p=pno, holes will diffuse towards the right and enter the N-side. As a result, holes 
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will recombine with the electrons in the N-sides. The N-side near the junction becomes depleted 

of holes which is the majority carrier. Therefore, the N-sided will have a small area where positive 

donor ions (As+) are exposed and at the concentration of Nd. Similarly, the electrons concentration 

is higher in N-region than the electrons concentration in p-region. The concentration gradient will 

drive the electron to diffuse toward the P-region. As a result, electrons will recombine with the 

holes in the P-region which will expose the acceptor ions (B-).  

 

Figure 2: Space charge region and neutral region in P-N junction at equilibrium. 

The junction region on both P-region and N-region are consequently depleted of free 

carriers such as holes and electrons. Therefore, there is a space charge layer (SCL) around the 

junction. However, most of the area in both P-region and N-region are still neutral. Figure 2 

illustrates the neutral region and the depletions region aground the junction region.  

There exists an electrical field point from n-region to the p-region, due to the space charge 

region. With the Gauss's law, also known as Gauss's flux theorem, the generated electrical filed 

can be related with the distribution of electric charge in the space charge region. Gaussôs saw may 

be expressed as: 
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(1) 

Where the ūE is the electric flux through a closed surface S enclosing any volume V, Q is 

the total charge enclosed within S, and Ů0 is the electric constant. The electric flux 
ūE is defined 

as a surface integral of the electric field: 

ññ¶=F
S

E dAE

 

(2) 

Where E is the electric field, dA is a vector representing an infinitesimal element of area 

of the surface and · represents the dot product of two vectors. 

If the electric filed distribution is known, it is quite easy to find the distribution of electrical 

charges according to the Gaussôs law.  The charge in any given area could be calculated by 

integrating the electrical field. However, in a p-n diode, the reverse problem should be solved. In 

the SCR, the charge distribution is known. It is the electrical field should be calculated.  

By the divergence theorem, Gauss's law can alternatively be written in the differential 

form: 

0e

r
=¶Ð E

 

(3) 

Where the divergence of electrical field can be found based on the total electrical charge 

density and electrical constant ʀ0 of the crystal. In the p-n diode case, the divergence could be 

simplified into the derivation of electrical field in one dimension.  

e

r )(x

dx

dE
=

 

(4) 

Where Ů equals ʀr *ʀ0. ʀr and Ů0 are the absolute and relative permittivity of the 

semiconductor material.  ɟ(x) is the electrical charge distribution in the SCR.  

https://en.wikipedia.org/wiki/Infinitesimal
https://en.wikipedia.org/wiki/Area
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Figure 3: Electrical chareg density of p-n diodes at equliburium. (Kasap, 2001) 

The electrical field distribution could be calculated out easily according to the above 

equation, since the electrical charge density is the same in the depletion region. The distribution 

of electrical charge density is given in the Figure 3 (Kasap, 2001):The electric field distribution 

could be calculated by integrating the ɟ(x) across the diodes. When the electrical charge density is 

constant in depletion region, the electrical filed should charges linearly according to the Gaussôs 

law. There is an internal electrical filed E from positive ions to the negative ions. Therefore, the 

electrical is from n-region from p-region. All  those are concluded at the equilibrium condition 

which means there is no applied bias, or photoexcitation. p*n=ni2 everywhere. The electrical field 

is given in Figure 4 (Schubert, 2006): 
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Figure 4: Electrical Distribution in the p-n diodes at equilibrium.  (Schubert, 2006) 

The internal electrical field points from n-region to p-region which tries to stop the holes 

diffusing from p-region to n-region. As the same time, it also prevents the electrons to diffusion 

from n-region to p-region. Figure 5 shows the carrier density distribution in the diode. 

The build in electrical field imposes a drift force on holes in the ïx direction, whereas the 

hold diffusion flux in in the +x direction. A similar situation can be observed for electrons in the 

n-region. The electrons try to diffusion ïx direction against the drift force applied by the electrical 

field.  It is obvious that as more and more diffuse towards the right, and electrons diffuse to the 

left, the electrical field will increase. There will be a threshold where an equilibrium is reached. 

The rate of holes diffusing towards the n-region is balanced by the holes drifted back by the 

electrical field. At the same time, the electron diffusion will also be balanced by the drift.  
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Figure 5: Carrier density in the p-n diodes at equilibrium.  (Schubert, 2006) 

For uniformly doped p and n regions, the net space charge density ɟ in the p-region is 

constant and equals -eNa. In the n-region space charge density equals +eNd. The total charge on 

the left side of the depletion region should equal the charge on the right side. Therefore, the 

following condition should be satisfied: 

ndpa WNWN ** =  (5) 

Where the Wp is the depletion length in the p-region and Wn is the depletion length in the 

n-region. If the Na>Nd, the depletion region penetrates the n-side, lightly doped slides, more than 

the p-sides, heavily doped side. If Na>>Nd, then the depletion region is almost entirely in the n-

region. By the calculation, the electrical filed research the maximum value at the interface of the 

depletion area.  

The potential V of the depletion area can be calculated out by the integration of the 

electrical field.  
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(6) 

Potential increases in the depletion region from p side to the n side. It reaches its maximum 

value at the interface between SCR and depletion region in the n region. If use the potential in the 

far left as reference voltage, the maximum value in the n region is called the built-in potential. 

Given the doping profile, the maximum electrical field Emax and build in potential Vbi could be 

calculated with equations (7) and (8):  
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Figure 6: Potential distribution of p-n diode at equilibrium.  (Schubert, 2006) 

The distribution of potential V(x) is illustrated in Figure 6.When the p-n diode is forward 

biased with a voltage of V so that the positive terminal of the battery is attached to the p-region 

and negative terminal to the n-side.  The power supply will change the equilibrium of the junction 

by reducing the build in potential by V. Most of the potential change will happen in the depletion 
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region as there are full of immobile ions, in comparison with the bulk region in which there are 

plenty of majority carriers. 

As a result, the potential barrier against diffusion is reduced to (Vbi-V). This will have 

dramatic effects on the equilibrium of drift and diffusion. The probability that a hole in the p-

region will go cross the potential barrier and diffuse to the n-region will changes from 0 to exp (-

e*(Vbi-V)/KBT). In other words, the applied forward voltage reduced the build-in potential which 

act against the diffusion. Consequently, many holes can diffuse into the n-region now. This effect 

is called minority carrier injection. Holes can diffuse and inject into n-region, becoming injected 

minority carriers.  Similarly, electrons can diffuse and inject into the p-region through the same 

process.  When holes are injected into the neutral n-side, they draw some electrons form the 

battery. As a result, there is a small increase in the electrons concentration in n-region. This small 

amount of increase in the majority carrier is necessary to the charge balance and maintain neutrality 

in the n-region. The electrostatic analysis of a p-n diode is of interest since it provides knowledge 

about the charge density and the electric field in the depletion region. It is also required to obtain 

the capacitance-voltage characteristics of the diode. The analysis is very similar to that of a metal-

semiconductor junction. A key difference is that a p-n diode contains two depletion regions of 

opposite type. The width of depletion on the p side is Wp and the depletion region width in the n 

side is Wn. The full-depletion approximation assumes that the depletion region around the 

metallurgical junction has well-defined edges. It also assumes that the transition between the 

depleted and the quasi-neutral region is abrupt. We define the quasi-neutral region as the region 

adjacent to the depletion region where the electric field is small and the free carrier density is close 

to the net doping density. The full-depletion approximation is justified by the fact that the carrier 

densities change exponentially with the position of the Fermi energy relative to the band edges. 
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The total depletion layer width can be calculated with the following equation: 
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From which the solutions for the individual depletion layer widths, Wp and Wn are 

obtained:  

)(*)
1

(**
*2

VV
NNN

N

e
W bi

dad

a

n -
+

=
e

 
(10) 

)(*)
1

(**
*2

VV
NNN

N

e
W bi

dad

d

p -
+

=
e

 
(11) 

The hole concentration pn(0), on the interface of depletion region and charge neutrality 

region becomes larger as a result of minority carrier injection. This concentration is determined by 

the applied voltage and the minority concentration in the n ïregion. It is also called law of the 

junction which is described in the following equation: 
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(12) 

Where pn0 equals ni^2/Nd, KB is the Boltzmann constant and equals: 8.6173324(78)×10ī5 

eV/K.  T is the ambient temperature in Kelvin. The above equation depicts the effects of the applied 

voltage on the injected minority carrier concentration just outside the depletion region. If the 

applied voltage is 0 volt, pn(0) equals pn0 which is exactly what is expected.  

Injected holes in the n-region will recombine with the electrons in this region. The 

recombined electrons will be replenished by the negative terminals of the battery connected to the 

diode. The current due to the holes diffusion can be stable, because more holes can be supplied by 

the p-region.  

Electrons have the similar behavior and will inject from n-region to the p-region of the 

diodes if forward voltage is applied. The electron concentration np(0) just outside the depletion 

region in the p-side can be calculated in the same manner:  
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In the p-region, the injected electrons diffused toward the positive terminal and they will 

recombine with the many holes in this region. The recombined holes will be resupplied by the 

positive terminal of the battery connected to the diode. The current due to the diffusion of electrons 

in the p-region can be sustained by the supply of electrons from n-side.  

It is obvious that an electric current can be maintained through a pn junction if the diode is 

forward biased. The current flow is caused by the diffusion of minority carriers. If the lengths of 

the p and n-region is longer than the minority carrier diffusion lengths, then it can be assumed as 

the long base boundary condition. It is expected that the holeôs concentration pn(x) on the n-side 

will fall exponentially towards the thermal equilibrium value pn0. The diffusion holesô 

concentration in the n-region can be calculated as:  
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Where pn0 is the holeôs concentration at thermal equilibrium, Lh is the hole diffusion length 

defined by: 

hhh DL t*=
 

(15) 

In which Dh is the diffusion coefficient of holes and Űh is the mean hold recombination 

lifetime (minority carrier lifetime) in n-region. The diffusion length is the average distance 

diffused by a minority carrier before it disappears by recombination. The rate of recombination of 

injected holes at any given x in the neutral region is proportional to the excess hole concentration 

at that point x. In the steady state, this recombination rate at x just balanced by the rate of holes 

brought to x by diffusion.  

The diffusion current density JD,hole is the hold diffusion flux multiplied by the hole charge. 

The diffusion current of holes in the n-region can be calculated by:  
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Although the above equation shows that the hold diffusion current depends on the location, 

the total current at any given location is fixed. The total current is the sum of holes current and 

electron current which is independent of location. The decrease of hole current will be made up by 

the increase in the current due to the drift of majority carriers in n-region.  

 There is a similar expression for the electron diffusion current density JD,elec in the p-

region. The electron diffusion current density can be expressed as: 
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The total current density in the diode under forward bias can be expressed as:  
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This is the expanded diode equation and it is also called the Shockley equation. It represents 

the diffusion of minority carriers in the neutral regions. The constant part of the above equation is 

also called the reverse saturation current density. If a reverse bias V=-Vr which is greater than the 

thermal voltage KBT/e (25mV), the current density will become ïJs. Js depends on the doping 

concentration Na, Nd, and the material property such as Dh, De, Lh, Le. 
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For now, it is assumed that the injected minority carriers diffuse and recombine in the 

neutral region only under forward bias. However, some of the minority carriers will recombine in 

the depletion region. The external current must therefore also supply the carriers lost in the 

recombination process in the space charge region.  

The net expression for the net steady-state recombination rate can be drastically simplified 

under certain condition. The simplified expression for the net recombination inside an R-G 
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depletion region is a special case result that is encountered quite often in device analysis. An R-G 

depletion region is formally defined to be a semiconductor volume where n<<n1 and p<<p1. Since 

np<<n1p1=ni2, a deficit of carriers always exists insides the envisioned depletion region.  

At the metallurgical junction at the center of the depletion region, the hold and electron 

concentration are pm and nm. They are equal. The recombination current can be found by 

considering electros recombining in the p-region with the length of Wp and holes recombining in 

the n-side with the length of Wn. Wn plus Wp equals the total depletion length in the diode. Suppose 

that the mean hole recombination time in Wn is Űh and mean electron recombination time in Wp is 

Űe. The total electrons number is the integration of the electron concentration from the center of 

the depletion region to the interface of the depletion region and neutral area. Dividing the total 

electron by the mean electron recombination time gives the recombination rate. Thus, the 

recombination current density is: 
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Under steady state and equilibrium conditions, the electron concentration at the middle of 

depletion region can be calculated by the Boltzmann statistics.  
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The pp0 equals the doping concentration Na. The above equation can be further simplified 

to: 
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This means that the recombination current equals: 
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For a better quantitative analysis, the expression for the recombination current can be 

shown to be:  
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Where J0 is pre-exponential constant. The above equation shows the current that supplies 

the recombined carriers in the depletion region. The total current inside the diodes includes the 

carriers for the minority diffusion in the neutral region and the recombination carrier in the space 

charge layer. So the total current is given in the following equation: 
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Where J0 is the constant for the recombination current in the depletion region, Js is constant 

for the diffusion current in the neutral region. Generally, the diode current can be written as:  
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Where I0 is a constant and ɖ is called the diode ideality factor. ɖ is 1 for diffusion current 

controlled diode. ɖ is 2 for space charge layer recombination controlled characteristics. Figure 7 

shows the forward and the reverse I-V characteristics of typical p-n diode (Pierret R. F., 1996).  
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Figure 7: Diode I-V curve. (Pierret R. F., 1996) 

1.3. RECOMBINATION  

Electrons sitting inside the conduction band is not a stable state and will eventually stabilize 

to a lower energy state in the valence band.  When this happens, the electron will move into an 

empty state which is a hole. This process is called recombination. Electrons and holes in 

semiconductors recombines either radiative, i.e. accompanied by the emission of a photon, or non-

radiative. There are three types of recombination in the bulk of semiconductor. The first is called 

radiative recombination. The second is called Shockley-Read -Hall recombination which is a non-

radiative recombination. Phonons will be emitted from the process rather than the photons. The 

last recombination is called Auger recombination. Auger Recombination involves three carriers. 

An electron and a hole recombine, but rather than emitting the energy as heat or as a photon, the 

energy is given to a third carrier, an electron in the conduction band. This electron then thermalizes 

back down to the conduction band edge. In LED, the radiative is obvious the preferred process.  

However, non-radiative recombination can, under practical conditions, never be reduced to zero. 
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Thus, there is a completion between radiative and no-radiative recombination. Maximum the 

radiative process and minimization of the non-radiative process can be controlled in several 

methods.  

Any semiconductor has two types of carrier, electrons and holes. Under thermal 

equilibrium condition, without external stimulation such as light or minority injection, the product 

of electron and holes concentration is a constant (Colinge, 2005) (Schubert, 2006) (Pierret R. F., 

1996): 

2

00 * nipn =
 

(27) 

Where n and p are electron and holes concentration, ni is the intrinsic carrier concentration.  

Excess carriers in semiconductors can be generated by external stimulation either by 

absorption of light or by an injection current. The total carrier concentration becomes: 

nnn D+= 0  
(28) 

ppp D+= 0  
(29) 

Where ȹn and ȹp are the excess electron and hole concentration respectively. The number 

of recombination events will be proportional to the concentration of elects and holes. Thus, the 

recombination rate is proportional to the product of electrons and holes concentration. Using a 

proportionality constant, the recombination rate per unit time per unit volume can be written as:  

pnBR **=  (30) 

This equation is the bimolecular rate equation and the proportionality constant B is called 

the bimolecular recombination coefficient. It has typical value of 10-11 to 10-19cm3/ for direct band 

gap III-V semiconductor. Consider a semiconductor subjected to photoexcitation. The 

recombination dynamics can be analyzed as a function a time. Since the electrons and holes are 

generated in pairs, the excess concentration of electrons and holes are the same: 



45 

pn D=D  (31) 

With the bimolecular rate equation, the recombination rate is given by: 
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(32) 

For the low-level excitation, the photo generated carrier concentration is much small than 

the majority carrier concentration. Therefore ȹn<< (n0+p0), using ȹn(t)= ȹp(t), the above equation 

can be simplified to:  
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The time dependent carrier concentration can be calculated from the continuity equation:  

)(
)(

0 excessRRR
dt

tdn
+-=-=

 

(34) 

At time =0, the illumination is switched off. The recombination rate can then be calculated 

by: 
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The solution of the above differential equation can be obtained by the separation of 

variables. 
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The carrier lifetime Ű can be identified as:  
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For semiconductor with specific doping, the carrier life time can be rewritten as: 
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For p-type semiconductor and  
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For n-type semiconductor. Once the photon excitation is terminated, the minority carrier 

concentration decays exponentially with a characteristic time constant denoted as the minority 

carrier lifetime. It is the mean time between generation and recombination of a minority carrier. 

For the case of high level excitation, the photon generated carrier concentration is larger than the 

equilibrium carrier concentration. The bimolecular rate equation is then given by:  
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Solving the differential equation above yields the solution: 
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There are several reasons that can cause the non-radiative recombination, such as defects 

in the crystal structure. In the radiative recombination process, photon will be released and its 

energy equals the bandgap energy of the semiconductor. During the non-radiative recombination, 

the electron energy is released in the form of phonons, which is the vibration energy of lattice 

atoms. As a result, the electron energy is converted to the heat in the semiconductor. Figure 8 

(Pierret R. F., 1996) shows the recombination process.  

 

Figure 8: Generation and Recombinationin Steady State. (Pierret R. F., 1996) 
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The lattice defects can include crystal defects, dislocation and lattice dislocation. Those 

defects can introduce extra energy levels that different from the energy level of the original 

semiconductor. It is very often that those defects introduce several energy levels that between the 

forbidden gap of the semiconductor. Those energy levels are efficient recombination center, 

especially if the energy level is close to the middle value of the forbidden gap. The recombination 

of carriers in those energy level will be non-radiative recombination and transfer electron energy 

to heat.  

Shockley, Read and Hall analyzed the process of recombination via traps in details. The 

non-radiative recombination rate through a trap of energy ET and concentration of NT is given by: 
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Where ȹp equals ȹn, and vn and vp are the electron and hole thermal velocities, ůn, ůp are 

the capture cross sections of the traps. N1 and p1 are the electron and hole concentration whose 

Fermi energy is the same with ET. 
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The time dependent carrier concentration can be calculated from the continuity equation:  
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Then the non-radiative lifetime of excess carriers can be calculated by:  
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Lots of non-radiative carrierôs recombination can happen at the surface of semiconductor 

devices where abundant perturbation of periodicity of a crystal exists. The perturbation of 



48 

periodicity of crystal lattice will introduce additional energy levels to the forbidden band gap. As 

a result, addition electrons states in the forbidden gap of the semiconductor appears. Atoms at the 

surface donôt have the same bonding structure as the bulk atoms due to lack of neighboring atoms. 

It is possible that the surface electrons will rearrange themselves and form bonds between nearest 

neighbors.  This reconstruction will lead to a new atomic structure with different energy state 

compared with bulk electrons.  Their energy state is very difficult to predict. Surface recombination 

will lead to non-radiative recombination and increase the heat of the surface. Both effects are 

unwanted in the LED devices.  

 There are several mechanisms that can caused non-radiative carrier recombination in the 

LED device.  Shockley Read Hall recombination, Auger recombination and surface recombination 

are the dominated non-radiative carrier recombination. It is possible to reduce the non-radiative 

recombination; however, it is impossible to get rid of it completely. Any semiconductor crystal 

will have some native defects. The concentration of these crystal lattice can be low, it is never 

zero. Also, semiconductor may have chemical impurity. It is very difficult to fabricate materials 

with high impurity levels. The luminous efficiency has improved a lot since the first III-V LED 

are demonstrated. Most of the process are made by improving the crystal quality and reducing the 

defects inside the crystal lattices.  

 If the radiative lifetime is denoted as Űr and the non-radiative lifetime is denoted as Űnr, the 

total recombination happened can be calculated as the sum of radiative and non-radiative carriers: 
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 The probability of radiative recombination over the total recombination is called the 

internal quantum efficiency and is given by: 
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 The internal quantum efficiency calculates the ratio of emitted photons to the number of 

recombined carriers inside the semiconductors.  However, not all emitted photons can escape from 

the semiconductor device.  Some of them may be reflected back by the interface of package and 

semiconductor device or even absorbed by the semiconductor material.   

 The light extraction efficiency of a LED is defined as the ratio of the number of photons 

that comes out of the LED per second in the correct direction to the number of photons emitted 

from the active region of the LED per second. The external quantum efficiency is the product of 

extraction efficiency with internal quantum efficiency. It is defined as the ratio between the number 

of photons that come of the LED per second in the correct direction and the number of charges 

flowing into the device per second.  The external quantum efficiency gives the ratio of the number 

of useful photons to the number of the injected carriers. A simple designed LED device usually 

doesnôt work efficiently. Most of the photons which are emitted from the active region will be 

either reflected back or absorbed. It requires efforts to design the devices and package to increase 

the external efficiency. From the electrical power perspective, the power efficiency is calculated 

as: 

IV

P
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 Where P is the total emitted power and IV is the electrical power provided to the LED 

active region. It is also called wallplug efficiency.  

 LED emits light through spontaneous recombination of electron-hole pairs, rather than 

stimulated emission process. Spontaneous recombination will determine several optical 

characteristics of LED, such as wavelength, light spectrum distribution. The common spontaneous 
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lif e time of carriers in the active region is range from 1-100ns, which means the maximum 

frequency of LED can achieve GHz easily. These properties make it a very good candidate for 

communication.  During the recombination, the emitted photonsô energy can be calculated as:   

nw ** hE ==>  (50) 

Where h is the Planckôs constant, ǩ is Planckôs constant divide by 2ˊ, ɤ is angular velocity 

and v is the frequency of photons. The available electrons energy band diagram has parabolic 

relation with wave vector. Energy and moment conservation requires that the released photon 

energy and moment should be the same with the recombined electrons and holes. The electrons 

moment is larger than the photon momentum. To keep moment conservation, the electronsô 

moment canôt change significantly during the recombination process. Therefore, for radiative 

recombination, the electrons will recombine with the hole that has nearly identical momentum. 

Since momentum equals h bar multiple k, electrons will recombine with holes that have the same 

k. The momentum of photons can be calculated according to the following equation:  
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 According to the conservation of momentum, the electron and holes will have the same 

momentum, then the photonôs energy can be written: 
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  Where m*r  is the reduced mass and equals: 
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The probability of electrons and holes distribute in certain energy state obeys the Fermi 

function at thermal equilibrium. At each energy level the probability to have filled states is 

different. The Fermi probability function is also changed according to the ambient temperature. 
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The solution of Fermi probability function at different temperature is given by the Fermi-Dirac 

distribution function:   
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Where Ef is the Fermi energy of electrons in the solids. It is defined as the energy of the 

topmost filled level in the ground state of the N electron system. In one dimension, Ef can be 

calculated as: 
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Where L equals N*a and a is the lattice constant. According to the above equations, the 

energy of an emitted photon from an LED is not simply equal to the band gap energy of the 

semiconductor.  

 

Figure 9: Electron and Holes Distribution. 

The electrons and holes concentration is a parabolic distribution along the energy. An 

energy band is actually a collection of discrete energy states from quantum mechanics. Each state 
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is basically a solution to the Schrodinger's equation and has a k and E. The number of states per 

energy interval per volume, called density of states under periodic boundary condition which gets 

rid of any surface and boundary issues. The electron concentration is a function of energy in the 

conduction band and can be calculated as g(E)*f(E), where g(E) is density of states and f(E) is the 

Fermi-Dirac function which depicts the probability of finding an electron in a state at energy E. 

Density of states is proportional to (E-Ec)1.5. The holes distribution is also follows production of 

density of state and the probability function. Figure 9 shows the energy distribution of the electrons 

and holes:  

The spectrum distribution of the LED depends on the electrons and holes distribution in 

the energy band. There is a peak intensity in the spectrum. The spectrum width when the intensity 

drops to the half is called the line width. The emitted power can be calculated by: 
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Where D0 is the density of state at specific energy E=hv. The rate of spontaneous emission 

the rate at which photons are emitted. Therefore, the intensity is determined spontaneous emission 

spectrum. The emission spectrum intensity of LED is the production of density states with the 

carrierôs distribution probability function as shown above.  The maximum intensity of the emission 

spectrum happens at the Eg+0.5*KB*T.  It corresponds to the energy of recombination where 

electrons and holes have the maximum concentration. The spectrum start at the frequency whose 

energy equals the band gap energy. The spectrum distribution corresponds with the electron hole 

concentration along the energy diagram. The linewidth ȹv is approximately 2.5KBT. Both the 

linewidth and the peak frequency is sensitive to the temperature. At high temperature, the intensity 

of the spectrum will decrease due to high non-radiative recombination rate. At the same time, the 

spectrum will shift, because the band gap is very sensitive to the ambient temperature.  Also, the 
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linewidth of the spectrum will also increase which will make the spectrum flatter. Intensity of the 

spectrum can be also plotted against the wavelength, since the wavelength and frequency can be 

related by speed. Figure 10 shows the relative intensity of the emitted light spectrum: 

 

Figure 10: Emitted Light Spectrum of LED. 

However, commercial LEDs has less asymmetrical spectrum output than the calculated 

spectrum out. The shape cut off frequency is covered by some lower frequency. In the band 

diagram, there should no states between the conduction band and the valence band.  However, in 

doped semiconductor, there are always some states inside the forbidden gap.  Those band tail states 

allowed the density of state has a variation. As a result, the spectrum is not sharp any more. There 

are several reasons that can cause band narrowing. The randomly distributed dopants and crystal 

defects are the dominant reasons.  In the presence of dopants and lattice defects, the assumed 

period potentials didnôt work anymore.  
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Figure 11: Light intensity vs Current. (Schubert, 2006) 

The intensity is the number of photons rather than the energy of photons. The energy of 

photons only depends on the frequency. As the current increase, the concentration of injected 

carriers will increase also. Thus, the recombination and light intensity will increase.  The intensity 

of the light spectrum will increase corresponding to the increase of current.  The relationship 

between the output spectrum power and the current can be given based on the frequency and 

wavelength which is shown below:  
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According to the equation, the output spectrum power should always increase with the 

increase of current. However, the increase in the output spectrum power is not linear with the LED 

current in real situations. The typical output power will saturate with the increase of current as 

shown in the Figure 11 (Schubert, 2006). 
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There are several reasons caused the saturation of light output. The first reason is the Joule 

heating. The second reason is the carrier leakage loss. The last reason is the stimulated emission 

during the recombination. The Joule heating is calculated by the Ohmôs law:  

RIP *2=  
(59) 

When the input current increase, there will be more and more heat generated. Heating of 

the devices will increase the availability of much more photons in the material. As a result, the 

non-radiative recombination start to dominate the recombination process. The external efficiency 

of LED will reduce significantly. If a p-n junction is forward biased, the band diagram of n sided 

will be lifted. The barrier for the electrons will be reduced.  In the p side, there are plenty of vacant 

states. Therefore, the electrons in the n side will simply rush to the p side and get collected. During 

these process, there is no generation of photons. This is called carrier leakage current. Some 

amount of carrier leak without leading to recombination. Stimulated emission is different from the 

previous phenomenon. It actually increases the light emitting. However, during the high current, 

the previous two process still dominate the recombination process. Therefore, the output spectrum 

power will saturate at high current, even the stimulated emission happens.   

 The output spectrum of LED depends not only on the semiconductor material but also on 

the structure of the p-n junction. For a heavily doped n-type semiconductor, there are some many 

donors that the electron wave functions at those donors overlap to generate a narrow impurity band 

centered at Ed, but extending into the conduction band. Thus, the donor impurity band overlaps the 

conduction band. At high current levels, strong of minority current leads to the recombination time 

depending on the injection carrier concentration and hence on the current itself.  

The spectrum width of LED is very narrow which have several important effects on the 

light characteristics of LED. The emission spectrum of LED is narrower than the spectral width of 
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a single color that human will perceive as a single color. Therefore, human will perceive that LED 

light is single color.  

1.4. HETEROJUNCTION  STRUCTURE  

There are two methods can be applied, in order to increase the internal quantum efficiency. 

The first method is to increase the radiative recombination probability and the second method is 

to decrease the non-radiative recombination probability. According to the biomolecular 

recombination rate equation, the radiative recombination rate will increase if the free-carrier 

concentration increase. Therefore, it is important to increase the injected carrier concentration in 

the active region. Double heterojunction is an excellent method to increase the carrier 

concentration in the active region.  

In a normal p-n junction diodes, the junctions are formed on the same material on both n-

region and p-region.  Therefore, it is called homo junction. The building potential inside the 

junction is caused by the difference in the material doping. The govern equation is shown below: 
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In the homojunction, it is very hard to achieve high electrons and holes in the active region 

due to long diffusion length. During the injection process, the injected carriers are distributed along 

the device junction length which means the recombination process will happens long the device 

length. After recombination of the carriers, there is high possibility that the emitted photos are 

reabsorbed by the semiconductor since the emitted photons must travel a long distance before 

escape. Figure 12 shows the carriers distribution in a forward biased homo junction LED (Kasap, 

2001).  
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Figure 12: Carriers Distribution of forward biased homojunction. (Kasap, 2001) 

 

Figure 13: Heterojunction of LED. (Kasap, 2001) 

Extreme high doping is needed for the homo junction LED, in order to achieve high 

injection levels. However, the high doping will worsen the material quality and reduces efficiency; 

it also further increases the absorption. For the homo junction LED, the p-region must be very 

narrow to avoid the reabsorption of the emitted photons.  When the p-region is very narrow, some 

of the injected electrons will diffuse to the end of p-region. As a result, it will recombine with the 

electrons at the surface the junction. As mentioned earlier, the surface will have lots of crystal 
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defects. The non-radiative recombination rate with increase significantly which will decrease the 

light out and increase the junction temperature. Besides, if the recombination process happens 

along the long diffusion length. The chance of reabsorption will become higher, since the amount 

of reabsorption increases with material volume.  

The long diffusion path and corresponding lower carrier concentration can be avoided by 

the employment of a double hetero structure. Today most LED device use multiple hetero 

structure. In the hetero structure, the potential barriers for electrons and for holes are different. The 

potential barriers for electrons and holes are determined by both the composition and the doping 

difference. By adopting different material, the potential barriers can be changed. A double 

heterojunction consists of an active region and two confinement layers. The active region is 

sandwiched between the two confinement layers. The material of confinement layers has larger 

bandgap than the material of active region. Figure 13 shows the heterojunction structure in LED 

(Kasap, 2001). 

 

Figure 14: Band diagram of a hetero junction LED. (Kasap, 2001) 
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A double hetero structure diode has two junctions which are between two different band 

gap semiconductors (AlGaAs and GaAs). The band gap energy of AlGaAs is 2eV and band gap 

energy of GaAs is 1.4eV. Figure 14 shows the band diagram of a double hetero junction LED 

(Kasap, 2001) (Schubert, 2006). 

The active region of the heterojunction is also called quantum well.  The quantum well 

provides a confinement of minority carrier injection which greatly increase the internal quantum 

efficiency. When a forward bias is applied to the junction, most of the voltage drops at the p-n 

junction. The bias reduced the build in potential that formed by the carrier diffusion.  This allow 

the electrons in the conduction band to be injected into p region. However, this injected electron 

is confined in the active region since this is a barrier between the p-GaAs and p-AlGaAs. The wide 

AlGaAs junction forms a confining layer that restrict the injected electrons inside the quantum 

well. The radiative recombination happens in the quantum well results the spontaneous photon 

emission. Figure 15 shows the carrier distribution of a heterojunction under forward bias (Kasap, 

2001).  

 

Figure 15: Forward biased heterojunction. (Kasap, 2001) 
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Compared with the homo junction, the injected minority carriers are confined into the 

thickness of active layer which will greatly increase the internal quantum efficiency.  The emitted 

photons can be reflected to the active region and increase the light output, since the emitted photons 

canôt be reabsorbed by the wide gap semiconductor material. Another advantage of heterojunction 

is that, there is very few lattice mismatch between the two p-type semiconductors. Therefore, the 

strain induced interfacial defects such as dislocation is very insignificant compared with the defects 

at the semiconductor surface in the homo junction LED.   

1.5. EMISSION PATTERN  

The light generated inside a semiconductor canôt escape from the semiconductor if it is 

totally internally reflected at the semiconductor-air interface. If the emitted light ray is vertical to 

the emitted surface, light can escape from the semiconductor totally. However, if the light rays hit 

the emitted surface in an angle, reflection and refraction can happen which will reduce the emitted 

light intensity. Even worse if total internal reflection happens, the external quantum efficiency will 

degrade significantly. Total internal reflection happens a lot in LED, for LED package which 

consists of high-refractive index material. Performance of light-emitting diodes is defined to 

the great extent by two figures of merit, the internal quantum efficiency of the active region 

and the light extraction efficiency. Internal quantum efficiency reflects the quality of the 

semiconductor and the hetero junction quality. The internal quantum efficiency can be as high 

as 90%. The extraction efficiency depends on the design of the optical package and can be as 

low as 2%. Improvement of the luminous efficiency performance requires extensive studying 

of optical transmission processes in the device. Moreover, the optimal design of the device can 

vary depending on the optical properties of the material that is used in the LED, since 

extraction of light is related to the optical properties of material. 
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Assume that the angle of emitted light rays at the semiconductor-air interface is given 

by ɗc. Then the refracted ray of the incidence light has another angle ɗ with the normal direction 

at the semiconductor-air interface. Then the angle of incidence ray and the refracted ray can 

be related by the Snellôs law 
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Where ns and nair are the refractive index of the semiconductor and the air respectively. The 

critical angle for the total internal reflection is obtained when ɗ=90Á. With the Snellôs law, the 

critical angle is:  
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The refractive index for semiconductor is quite high compared with air. For example, the 

refractive index of GaAs is 3.4. According to the above equation, the critical angle of total internal 

reflection is: 17° which is quite small. Most of the emitted lights are reflected to the semiconductor 

area. As a result, the extraction efficiency is quite low.  

 

Figure 16: Light Escape cone. (Schubert, 2006) 
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 If the critical angle was rotated 360°, this emitted ray will form a cone which is defined as 

the light escape cone. Light emitted into this cone can escape from the semiconductor. The left 

lights are subjected to total internal reflection. The light escape cone is illustrated in Figure 16 

(Schubert, 2006):  

If a light source is emitting out energy Psource from a point-like source in a semiconductor 

active region. Then the power can only emit out from the light escape cone. The surface area of 

the cone with radius r can be calculated by:  
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Then the power that can escape from the semiconductor can be calculated by: 
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The result indicates that only a fraction of the emitted photons can escape from the 

semiconductor. The fraction of escaped light is in cosine relation with the critical angle of total 

internal reflection. The critical angle of the total internal reflection is very small for high-index 

materials such as GaAs. The escape problem is a significant problem for high efficiency LED. In 

most semiconductors, the refractive index is quite large. As a result, the extraction efficiency is 

very small. For GaAs, the critical angle is 17.9° and the extraction efficiency is (1-cos(17.9°))/2, 

which yields the fraction of light that can escape is 2.21%. This is a quite small. The escape 

problem is less significant in semiconductor with small refractive index, such as polymer whose 

refractive index is 1.5.  

 The light extraction efficiency can be greatly increased if a dome-shaped encapsulation 

was used. The encapsulation has a higher refractive index compared with air. As a result, the 

critical angle for the total internal reflection will be increase by:  
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 The ratio of extraction efficiency with and without epoxy encapsulation can be calculated 

by: 
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 Where ɗc,epoxy and ɗc,air are the critical angles for air and epoxy. Since epoxy has higher 

refractive index than air, the critical angle of total internal reflection of epoxy is higher than air. 

Thus, total internal reflection losses in epoxy is smaller. The refractive index of encapsulation 

epoxy can range from 1.4-1.8 and it will increase the extraction efficiency by 200%-400%.  

The refractive index differences of the semiconductor and the surrounding encapsulation 

lead LED to emit light different emission pattern. The spontaneous recombination emits photos 

isotopically in different angle. By tuning the geometrical parameters of the encapsulated lens, 

LEDs can come in many varieties and with a wide range of radiation patterns. Figure 17 (Davidson, 

n.d.)shows various emission pattern of LED.  

 

Figure 17: LED emission pattern (Davidson, n.d.) 
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The emission beam angle of LED can range from narrow to wide and is determined by the 

geometry of the lens. Most planar emitters exhibit a Lambertian emission pattern where the 

intensity profile is proportional to the cosine of the emission angle, which is measured from the 

axis perpendicular to the die surface. Assume a point source in the active region which is below 

the semiconductor air interface. The emitted light ray is refracted at the semiconductor-air 

interface. The refracted ray has an angle of ū and the incidence ray has an angle of ɗ with respect 

to the surface normal. These two angles are related by Snellôs law. Light emitted into the angle of 

dɗ in the semiconductor is emitted into the angle of dū in the air as shown in Figure 18: 

 

Figure 18: Gemoetrical Used to Calculate the light pattern. 

Light emitted into the angle dɗ will be refracted into dū. The relationship between dɗ and 

dū can be related together by Snellôs law. 
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          The area element of dɗ and dū in the air and the semiconductor can be calculated as: 

FF= drdAair *sin***2 p
 

(68) 
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 This surface element can be related by the energy conservation. The power of the light 

emitted into the angle dɗ equals the light power in dū. Also, dɗ and dū and can be related together 

also. The conclusion can be expressed as:  
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 Where Is and Iair are the light intensities (W/m2) in the semiconductor and air. Is should 

equal Psource divided by 4*ˊ*r2. Then Iair can be calculated as: 
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Since ɗ is small, the light intensity in the air can be treated as a function of cosine and 

depends on ɗ. This cosine light intensity pattern is called Lambertian emission pattern. At the angle 

of 60°, the light intensity will decrease to half of the maximum value.  

One of the most critical issues in the high efficiency LED is the occurrence of the total 

internal reflection. The critical angle for high refractive index semiconductor is so small that most 

of the emitted rays are reflected.  Thus, most of the light emitted by the active region is trapped 

inside the semiconductor.  The trapped light has high possibility to be reabsorbed by the substrate.  

LED with hemisphere dome-like lens have been demonstrated to improve extract efficiency, since 

the silicone lens will have higher refractive index compared with air.   

Epitaxial growth is the most important process during the semiconductor device 

fabrication. Thus, most of the LED is in vertical structure. The extraction efficiency would be very 

high if LED can be built into a sphere shape with a point light active region inside. Then, the 

internal total reflection would not happen.  Another design can also increase the extraction 

efficiency which already has been fabricated. In this structure, the semiconductor-air surface was 

etched to forms a cone structure. The light rays that hit the cone-air boundary are either transmit 
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through the interface or guided by the cone. The guided light undergoes several reflections and 

ultimately escape from the cone. Therefore, the total internal reflection is avoided.   An LED with 

cylinder shape also increase the extraction efficiency.  On the top of the LED, there will be total 

internal reflection. However, on the edge of the cylinder, the total internal reflection will disappear. 

The round source will form an escape ring and improve the extraction efficiency significantly. 

Etched surface and cylinder LED can both increase the extraction efficiency. However, they will 

also increase processing steps compared with cubic LED.  

1.6. HIGH POWER PACKAGE  

III -V Material system is currently the only practical solution for short wavelength 

semiconductor emitter.  Several technical improvements in the 90s enables the fast process in the 

fabrication of blue LED. There are two fundamental reasons to choose the III-nitride for blue light 

sources. The foremost reason is that AlN, GaN and InN have direct band gap energies of 6.2, 3.4 

and 0.7 eV, respectively, at room temperature, so they cover the spectra from ultraviolet (UV) to 

the entire visible spectrum. The other main advantage of III-N over other wide-band 

semiconductors is the stronger chemical bond, which makes the nitride very stable and resistant to 

degradation under strong electric current and high temperature. In semiconductor materials atoms 

are organized in a three-dimensional lattice, where the same periodic structure is repeated over the 

space of the crystal. The future especially for general lighting application is promising, since white 

light can be produced by exciting wide band phosphors by blue or UV-LEDs (Xie, 2007). The 

driving force behind the fast development of III-N semiconductors has been the demand for short 

wavelength emitters. To date there exists only a few semiconductor material systems suitable for 

such applications. The first nitride-based LED with external quantum efficiency of 2.7 % was 

commercialized in 1993. The first LEDs employing InGaN/GaN quantum wells were fabricated 



67 

in 1995. Currently the III-nitrides are considered as the best material system for efficient solid-

state lighting. 

Generally, the structure of an LED is a combination of several semiconductor epitaxial 

films which grows on a suitable substrate. There are two most used techniques that have been very 

popular in the production process. The first is called molecular beam epitaxy (MBE) and the 

second method is called metal organic chemical vapor deposition (MOCVD).  MOCVD is a 

technique for depositing thin layers of atoms onto a semiconductor wafer. Many layers can be built 

up to create a material which has specific optical and electrical properties. A feature of MOCVD 

technology is that it can create a thin uniform film in nanometer units. This is a really dominant 

feature for growing the GaN layers on a sapphire substrate. During the growth process, the vapor 

transport of the precursors and subsequent reactions of group-III alkyls and group-V hydrides 

happens in a heated zone. In the MOCVD machine, epitaxial layers were grown on (0001) 

orientated sapphire substrate. During the growth, the chamber pressure was controlled at 100-300 

Torr. Trimethylaluminum (TMAl), trimethylgallium (TMGa), trimethylindium (TMIn) and 

ammonia (NH3) were used as aluminum, gallium, indium and nitrogen sources, respectively. 

Critical dimension is the thickness of the epitaxial p ïlayer.  The thickness should be larger than 

the diffusion length of electrons. In other words, the electrons should recombine radiative in the 

epitaxial grown p layer before reaching the surface. The p -layer should be of sufficiently high 

quality to meet the condition for efficient recombination. In addition, the side surfaces may have 

to be etched to remove damage. Damage and other defects where the p - n junction intercepts the 

chip surface can lead to a substantial leakage current that reduces efficiency, especially at low 

drive levels.  During the doping process, Biscyclopentadienyl magnesium (CP2Mg) and disilane 

(Si2H6) were used as the p-type and n-type doping source, respectively.  



68 

Prior to the epitaxial growth, the whole substrates were cleaned by H2SO4: H2O2 (3:1) 

solution for 10 minutes. Then the substrate was etched in 2% HF solution and rinsed in deionized 

water, followed by N2 blow-drying. After loading, an in situ thermal cleaning procedure was 

applied to the sapphire substrates for 10 min at 1080°C under H2 ambient to remove native oxide 

from the substrate surfaces. After the thermal cleaning process, a GaN buffer layer of 30nm was 

deposited at 525ÁC. After that, the temperature was elevated to 1020 ÁC to grow a 1ɛm thick GaN 

layer and then a 1ɛm thick Si-doped, n-type GaN layer. The substrate temperature was 

subsequently ramped down to grow the InGaN well layer at 715 C and grow the GaN barrier layer 

at 840°C. The InGaN/GaNMQW active region consists of three pairs of 3 nm thick In0.4Ga0.6N-

well layers and 10 nm thick GaN-barrier layers. After the growth of the active region, a 30 nm 

GaN cap layer was grown on the multi-quantum wells and the substrate temperature was elevated 

to 727°C to grow a 250-nm thick Mg-doped p-type GaN layer. Figure 19 shows the epitaxial layers 

on the substrate (Nguyen, 2010) (Neudeck, 2002). 

 

Figure 19: Vertical Structure of LED. (Nguyen, 2010) 
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After the annealing, the surface of the samples is etched until the n-type GaN layer was 

exposed for the ohmic contact. The conductivity of p-type GaN is not good enough for current 

spread. A Ni/Au contacts were evaporated on the p-type GaN to serve as the semi-transparent 

metal ohmic contact to improve the holes current spread. Then a 200 nm Au contact was deposited 

on top of the semi-transparent layer to serve as the p electrode. On the other hand, Ti/Al/Ni/Au 

(10 nm/200 nm/30 nm/100 nm) contacts were deposited onto the exposed n-type GaN layer to 

serve as the n-type electrode. The fabrication of the blue LED was finished and the scheme diagram 

is shown in Figure 20 (Nguyen, 2010): 

 

Figure 20: Scheme diagram of a blue LED chip. (Nguyen, 2010) 

The performance and efficiency of LED is growing up at an incredible speed recently. 

Different architectures had been built to increase the photon extraction efficiency which make the 

LED brighter. There are three kinds of architectures now available in the market. Few years ago, 

the most popular LED package is LLED (Lateral LED structure) and it is also the most established 

LED design. The second LED structure is called TF (thin film) LED and it also called VLED, 

because of its vertical architecture. The third and also the latest is called FCTF LED. FCTF 
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standards for flip chip thin film. This structure is the combination of TF technology and FC 

technology. This kind of design is produced by bonding an FC-LED chip that has an anode and 

cathode on the same side to a package with two interconnects. Competition has fueled the creation 

of novel device architectures with improved photon-extraction efficiencies, which have in turn 

increased the chipôs brightness and output power. This has opened up the range of applications for 

these devices, and brought their characteristics more closely in line with the requirements for 

widespread deployment in solid-state lighting. Vertical thin film InGaN/GaN design is one of the 

famous among the many LEDs structures. Figure 21shows the scheme diagram of the thin film 

vertical structure.  

 

Figure 21: Vertical Thin Film LED. 

During the construction of the VLED, the epitaxial layer was grown on the sapphire 

substrate]. Usually the epitaxial layer has three parts. The bottom layer is n-type GaN. On the top 

of n-type GaN, multiple layer of quantum well (MQW) active region was built. P-type GaN was 

on the top of the epitaxial layer. After the growth of the epitaxial layer, a high reflective metal 

contact was deposited on the p-side of the wafer as p contact by electron-beam evaporation. After 

that, the p side was bonded to an intermediate conductive substrate. Laser assisted lift off help to 
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remove the sapphire substrate and expose the n-type GaN surface. Now, the epitaxial layer is 

totally upside down with n-type GaN of the top. Wire bond and patterned metallic n contact was 

added to connect the chip with the substrate. Figure 22 shows the fabrication process of vertical 

thin film LED. 

 

Figure 22: Fabrication process of vertical thin film LED. 

Compared with the lateral structure, the vertical thin film LED structure does not have the 

wire bond, and the solder balls used for internal connection have better heat conductivity. The 

disadvantages of the vertical thin film LED are the consequence of its structure. The vertical thin 

film LED is usually produced by depositing a high-reflective metal contract onto the p-type GaN. 

After the deposition, the whole substrate is bonded to an intermediate conductive substrate to 

maintain the device integrity in the following fabrication process. Laser-li ft-off helps remove the 

sapphire substrate. The result structure has two major drawbacks. The first is the intermediate 

substrate increase the thermal resistance of the package. Also, it must be carefully chosen to match 

with thermal expansion coefficient of GaN.  Otherwise, the thermal stress will cause device failure. 
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The other disadvantage of the vertical thin film structure is the wire bound used in the n-contact. 

The patterned n-contact reduces the chipôs effective emitting area, while the wire bonds obstruct 

light emission. These wire bonds are particularly irksome in the tightly packed chip arrays used in 

projection displays and some illumination systems, as they increase the distance from the surface 

of the LED to the primary optic. The greater distance either increases the size, weight and cost of 

the optic, or it decreases the systemôs efficiency.  

The newest LED structure is called thin film flip chip LED.  This structure units the thin-

film and flip-chip technology. It combines the manufacturing merits of both approaches, and is 

produced by taking an FC-LED chip that has an anode and cathode on the same side and bonding 

it to a sub mount or package using via. Figure 23 shows the scheme diagram of a TFFC LED 

structure 

 

Figure 23: Thin film flip chip LED. 

A laser lift-off process removes the sapphire substrate before photo-electrical-chemical 

etching of the top GaN layer.  The process will roughen the top surface and create patterns which 
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will disrupt wave-guiding in the high refractive index epitaxial layers and increase the extraction 

efficiency. Compared with the vertical thin film LED, the distance between the surface of the LED 

and the silicone lens are much smaller. Therefore, the thin film flip chip LED can allow compact 

package, as electrical connections are removed to the bottom of the device.  

1.7. WHITE L IGHT  

White light is the most used commercial color of light industry. There are various 

spectrums that can be preserved as white light by humanôs eyes (Schubert, 2006) (CREE, 2013). 

The Planckian black body radiation spectrum is treated as the base line and standard for the white 

light source. The unique characteristics of the Planckian black body radiation is the color 

temperature. It allows to describe the spectrum with just on parameter, namely the color 

temperature. Also, the Planckianôs radiation spectrum is similar with the natural light. The sun 

light is actually Planckianôs radiation.  White light usually has a wide spectrum which includes 

both visible spectrum and invisible spectrum. The black-body spectrum was first derived by Max 

Plank and is given by:  
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The inside of the humanôs eyeball is clad by the retina which is very sensitive to the light. 

The retina cell includes light-sensitive rod cell and cone cells. Rod cells are more light-sensitive 

than the cone cell. Rods cell are sensitive over the whole visible spectrum. On the other side, cone 

cell only has three types and each type is sensitive to one color. Cone cells are sensitive to red, 

green, and blue spectrum range. At high ambient light level, the vision is dominated by cones. At 

low ambient light levels, the vision is mediated by rods. Therefore, rod cell has higher sensitivity 



74 

than cone cells.  However, the sense of color is essentially lost in the low ambient light, because 

rods is not very sensitive to color compared with cone cells. 

The eye has different sensitivity over the whole visible spectrum. CIE introduced the 

photopic sensitivity function V(ɚ) in 1931 and revised it in 1978 known as the CIE 1978 V(ɚ) 

function (Zukauskas, 2002). The photopic sensitivity function is shown in Figure 24.  

 

Figure 24: Eye Sensitivity Function. (Zukauskas, 2002) 

LED market began to open up in the 1960 with low brightness red LED working as red 

indicator in electrical products. As the technology develops especially high power LEDs become 

more and more efficient. The number of possible applications increases dramatically. A highly 

interesting area with huge potential market is based on white light source. The share of LED in the 

backlighting market is expected to peak soon, at close to 100 percent in 2016. The market is then 

likely to shift from LCD TV to OLED TV, which does not use backlighting. Also, LED is now 

penetrating general lighting which is the mainstream of the lighting market.  
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It is set to become the next standard in the general lighting source market. There are several 

ways to generate daylight illumination spectrum from LED. The general daylight illumination 

source has some request to be satisfied. It should be more efficient than the current general light 

source such as incandescent lamp and compact fluorescence lamp. Also, the light source should 

have high color rendering index to reveal the true color of objects. Due to the massive production, 

the new standard light source should have low cost manufacturability and be environmental 

benignity. This unique property allows LED to compete with conventional illumination source, in 

particular incandescent and fluorescent lamps.  

 

Figure 25: Color Mixing LEDs. 

Light is perceived as a white light source is the spectrum of the illumination is perceived 

as white by cones in the retina.  The generation of white light spectrum can be achieved in several 

possible spectra. LEDs are inherently monochromatic light source which means that LEDs can 

only emit the spectrum of one color. The creation of white LED requires at least two LEDs which 

have different colors. Based on the number of LED used in one package, there are three types of 

color mixing method. Figure 25 shows the combination of color mix LEDs. 
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The first method requires two LEDs. One emits blue color and the other LED emits yellow 

color. The white color can also be obtained by three LEDs, blue, green and red LED. The last 

method requires four LED which are blue, cyan, green and red LED. Each configuration has 

different luminous efficiency and color rendering properties.  High luminous flux and high color 

rendering index are always desirable.  There is fundamental disadvantage of color mix LEDs. It is 

very difficult to achieve both high luminous efficacy and high color render index. Usually two 

color mixing white LED has the highest luminous efficacy and poorest color rendering index. 

Three color mixing white LED has acceptable color render index and luminous efficacy. The four-

color mixing white LED has the best color rendering index.  

High quality white is usually generated with the three-color mixing method (Schubert, 

2006). Thronton (1971) showed that mixing of three monochromatic LED with peak wavelength 

of 450nm, 540nm and 610 nm can generate high quality white color source. There is various 

possible combination for the three-color mixing method. To obtain a high luminous efficiency of 

radiation, the wavelength within the visible spectrum should not be used. The color render index 

is very sensitive to the peak wavelength used for the color mixing.  

White spectrum generated by color mixing is very sensitive to the ambient temperature, 

since the emission power and peak wavelength of the device have a different temperature 

dependence. As a result, the chromaticity point of a multi-LED white source changes with 

temperature. It is shown that the chromaticity point will shift towards higher color temperature as 

temperature increases. This can be explained by the stronger temperature dependency of red LED 

device. This color chromaticity shift that caused by temperature can be fixed with a power control 

circuit of each LED.  The temperature of ambient environment is monitored and the electric power 
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of each LED can be adjusted using the known temperature dependency.  However, this method 

canôt adjust the shift of spectrum caused by the degradation of devices.   

1.8. PHOSPHOR CONVERTED LED 

The commercial method generating white light is to apply phosphor. Partial light of 

monochromatic emitting LED is used to excite one or several phosphors. The combination of 

residue light and the excited light will form the white spectrum. There are several different methods 

to generate white light spectrum based on phosphors excited by semiconductor LED (Schubert, 

2006). These approaches use either blue LED or UV LED as the excitation source. Figure 26 shows 

the recombination of excitation source and applied phosphor.  

The luminous efficiency decrease with increasing of the thickness and concentration of the 

phosphor, because the excitation process is not 100% efficient. The color rendering index could 

reach 100% for the UV LED with four different phosphors. The conversion process of the short 

wavelength to the long wavelength light is called fluorescence. Fluorescence is the emission of 

light by a substance that has absorbed light or other electromagnetic radiation. It is a form of 

luminescence. In most cases, the emitted light has a longer wavelength, and therefore lower energy, 

than the absorbed radiation. Compared with phosphorescence, the fluorescent materials would 

cease to glow immediately, if the excitation source is moved away.  
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Figure 26: White Source LED with Phosphor excited by  Blue or UV LED. 

The conversion efficiency of the fluorescent is determined by two factors, namely the 

external quantum efficiency and the inherent energy lose during the wavelength conversion. The 

external quantum efficiency of the conversion is the product of internal efficiency and the 

extraction efficiency (Rohwer, 2003).  

extractionernalexternal hhh *int=
 

(73) 

The internal quantum efficiency depends on the inherent conversion loss of the material, 

whereas the extraction efficiency depends on the spatial distribution of the material. In general, 

the thin film structure has higher extraction efficiency. Therefore, it is desirable to deploy the 

phosphor coating in the form of thin film.  The emission wavelength is usually higher than the 

excitation spectrum wavelength. The inherent conversion loss is called Stokes shift when 

converting a photon with wavelength ɚ1 to a photon with a higher wavelength ɚ2. 
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The inherent wavelength-conversion loss is the fundamental reason that phosphor 

converted LED is less efficient than the color mix LED for white spectrum.  The Stokes shift is 

the highest when UV LED is used as the excitation source and red phosphor is applied on the top 

of the die. Most white LED use short wavelength as the excitation source and a phosphor that can 

generate longer wavelength. Some of the light emitted by short wavelength emitter is absorbed in 

the phosphor and then re-emitting as longer wavelength light. As a result, the phosphor converted 

LED has at least two different peak wavelengths.  During the design of phosphor converted LEDs, 

there are two parameters that need to be considered, namely luminous efficiency and color render 

index. In some application, the luminous efficiency is the primary criterial of design such as road 

light. However, for illumination application, both the luminous efficiency and color render index 

are important. A white light source with sunôs spectrum would have the best color rendering index. 

The sunôs spectrum has very high relative intensity at the boundary of visible spectrum (390nm 

and 780nm). Thus, exact duplication of sunôs spectrum is not an excellent choice for white LED. 

When the chip is driven under certain current, blue light is emitted by the InGaN chip 

through electronïhole recombination in the pïn junctions. Some of the blue light from the LED 

excites the YAG:Ce phosphor to emit yellow light, and then the rest of the blue light is mixed with 

the yellow light to generate white light. There has been extensive research and development for 

phosphors. Many traditional phosphors used in compact fluorescence lamp donôt work for LED, 

because those phosphors donôt absorb violet or blue LED radiation. Most of the needs for LED 

phosphors have been met by the development of new materials.  During last 10 years, various 

phosphors have been discovered. LED phosphors has moved from a single phosphor composition 

Y3Al 5O12:Ce3+ (YAG:Ce) to various nitride, sulfide phosphor, This development has helped white 

LED cover a full range of correlated color temperature . 
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Figure 27: Typical Cool White LED Spectrum. 

For cool white LED, YAG:Ce phosphor is the most used one. YAG:Ce absorbs blue LED 

radiation and emits yellow light via the fluorescence process (Rohwer, 2003). The yellow emission 

from YAG:Ce and the blue radiation that ñbleedsò through a YAG:Ce coating combines to give 

white light with a daylight-like color temperature (CCT > 4000 K) and reasonable color rendering 

(CRI ~70- 80), enabling pcLEDs to be used in many applications where color quality is not a key 

requirement, including backlights for portable displays and indicators. Figure 27 shows a typical 

YAG:Ce phosphor converted LED spectrum. 

However, pc-White LEDs made by means of blue-LED + YAG:Ce yellow phosphors 

suffer some weaknesses, such as poor color rendering index and low stability of color temperature. 

The reason is that only YAG:Ce phosphor is applied on top of the blue emitter. Therefore, the 

emitted spectrum is limited to high CCTs and lower CRIs, due to a lack of a red spectral 

component. Since the white light is generated by the combination of blue light emitted by an LED 

chip and yellow light emitted by YAG:Ce phosphors, deterioration of the chip or YAG:Ce 

phosphors would cause some significant color changes.  
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The sulfide phosphors could increase the red component of the spectrum. On the other 

hand, there are drawbacks that prevents sulfide phosphor from being used in the pc-LED industry. 

The synthesis process of sulfide phosphor requires toxic H2S atmospheres or may create H2S as a 

by-product. Sulfide product could damage the optical parts of the LED package and lead 

contamination. Besides, sulfide phosphors are very sensitive to ambient humidity which is very 

common for general light application.  Compared with sulfide phosphor material, nitride 

phosphors doped with Eu2+ have several advantages. Many of these nitride phosphors could match 

the quantum efficiency of YAG:Ce at room temperature. 

 

Figure 28: Warm White LED spectrum. 

The Eu2+ doped nitride phosphor could be blended with YAG:Ce phosphor to generate 

warm white spectrum. For example, phosphor blends of YAG:Ce and CaAlSiN3:Eu2+ combined 

with blue LEDs can be used for high CRI, warm white lamps (Rohwer, 2003). There are some 

disadvantages of nitride phosphor. It is much more difficult to synthesize nitride phosphor than 

the normal phosphors.  Higher temperature is required during the synthesis.  Compared with cool 
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white, the warm white LED has relative larger red spectrum content and thus have higher CRI 

value. Also, the emission spectrum peak wavelength is higher than cool white LED spectrum. 

Figure 28 shows a typical spectrum of warm white LED. 
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2. LITERATURE REVIEW 

This chapter will depict the current reliability issues that related to the LED. Also, available 

lifetime prediction models are illustrated. The major causes of failures can be divided into three 

groups, die failure, interconnect failure, and package-related failure. The LED device reliability 

section will summarize previously reported failure mechanisms that related to the semiconductor 

device region of LEDs (Lafont, 2012) (Chang, 2012).  The package reliability section will illustrate 

previously published researches related to the degradation of the package components (Philips 

Lumileds Lighting Company, 2006) (Fu, 2012). The lifetime model section will discuss the current 

available methods and techniques for the prediction of the remaining useful life. 

During the last years, many efforts have been done in order to improve the luminous flux. 

As a result, LED with an output of several watts are now commercially available on the market. 

High Power LED means high light output, as well as high temperature. Therefore, the importance 

of devices and package thermal management become more obvious. Thermal resistance and 

capacity must be optimized to obtain longer life time. The development of high power LED 

necessitates the understanding of the fundamental failure mechanisms of LEDs.  

The LED industry is facing changelings while attracting widespread consumption of LEDs. 

One issue of concern is price, and another is lack of information regarding reliability. The life of 

LED can be very long and it is very difficult to report the lifetime based on a short experiment. 

Another reason is that LED is a point source which means each LED can only cover a limited area. 

If one single LED failures, the final product is sometimes treated as failed. The failure of LEDs in 

an LCD display is critical, even when only a single LED package experiences changes in optical 

properties.  The failure of an LED or LEDs in an LCD display can cause a dark area or rainbow-
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colored area to appear on the LCD screen. Therefore, reliability of LED is very crucial for the LED 

industry.   

A LED package is consisted of two major parts, namely semiconductor device and 

package.  Literature is available on a wide variety of aspects, such as the semiconductor device, 

encapsulation materials, phosphors and LEDs. All these degradations will lead the decrease of the 

luminous flux and modification of the spectral properties. The degradation of the semiconductor 

device and package were found to have different origin and physics. These indicates that the optical 

power output decrease is not based on one single failure mechanisms. During the last period, many 

works on LEDs degradation have been published. Most of the papers described the behavior of 

LEDs subjected to either high forward current or high ambient temperature. However, in the real 

situation, no commercial LEDs will be running at such high temperature and current. It is not either 

power efficient or luminous efficient at that condition.  Most of the degradation comes from two 

contributing factors: high junction temperature and moisture ingress. However, there is no 

published literatures that investigate the failure mechanisms that related to high temperature and 

high humidity which is essential to understanding the long-term reliability of commercial LES. 

2.1. LED  SEMICONDUCTOR DEVICE  RELIABILITY  

The LED semiconductor device is composed of p-n junction, multiple hetero barrier. LEDs 

emit light due to the minority carrier injection and electroluminescence effects. When the p-n 

junction is forward biased, electron in the n-junction will be injected to the quantum well and 

recombine with the hole. The active region of perfect LED will emit one photon for every electron 

injected. Thus, an ideal LED hashe internal quantum efficiency of unity. The LED die is a 

semiconductor device and the fabrication process is similar with the process of microelectronics. 

However, there are some unique process involved. The fabrication process, material used and 
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unique of LED lead to different failure mechanisms. GaN based compounds semiconductors are 

great candidates for applications of high energy optical electrons, because of their large direct band 

gap. These materials are appropriate for short wavelength LED, such as blue and UV LED. High-

brightness GaN-based LEDs are commercially available on the market now. The progress in the 

GaN-based LEDs and laser diodes is remarkable. In the ideal LEDs, the light output should be 

proportional to the forward current (Lu G. S., 2009). However, in real case, the output power will 

saturate as the forward current increase. There are several reasons that could leads the saturation 

of the output light power at high ambient temperature and high injection current, such as joule 

heating and leakage current.  

The most often failure mode caused by die degradation is the decrease of light output 

(Meneghini M. P., 2006) (Meneghini M. T., 2010) (Meneghini M. T., 2008) (JEDEC, 2006).  The 

light output degradation is due to the increase of non-radiative recombination. Thermal stress 

increases the number of defects in the crystal which will lead to SRH recombination and shift the 

electrical properties of the semiconductor device. Dislocation is one of the common defects in the 

crystals. It acts as non-radiative recombination centers cause limitation of stable operation for 

optical devices under high injected current density.  It is widely recognized that high density of 

dislocations which act as nonradioactive recombination centers, are introduced during the epitaxial 

layers growth process. Even moderate dislocation densities can impose an upper limit to minority 

carrier lifetime. These recombination centers reduce the efficiency of LEDs and lasers by 

effectively competing with radiative recombination paths. Dislocations migrate during device 

operation under high injected current density and ambient temperature, and result in limited state 

operation of optical devices.  



86 

Another effect that reduces the internal quantum is the dark spot effects during the high 

injected current density. The emitted light power of the GaN-based LED strongly depends on the 

injected current density and the radiative recombination rate. Therefore, either the defects or the 

dark sport effects will reduce the light output and reduce the lifetime of LEDs. During the operation 

of LED based illumination source, high current density and temperature stress could lead to the 

formation of defects and reduce the internal quantum efficiency dramatically. Figure 29 shows the 

light output vs injected current curve of InGaN/AlGaN LED on the sapphire substrate under dc 

operation at 30°C (Egawa, 1997).  

 

Figure 29: Light output injected current characteristic of the InGaN/AlGaN LED on sapphire 

under dc operation at 30 °C. The inset shows the aging result under a constant curren density of 

60A/cm2 at 30 °C. (Egawa, 1997) 

The light output power increases linearly with the increase of forward current, and 

saturated at a high injected current due to joule heating and leakage current. This test results also 

confirmed the stable operation of GaN LED at relatively low current density, which is up to 3000 

hours under aging condition. However, GaN-based LED exhibited electrical and optical 
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degradation under high injection current density and ambient temperature. The instability can be 

examined by the measurement of the emitted spectrum at different injection current.  The emission 

spectra at various dc currents are shown in Figure 30 (Egawa, 1997).  

 

Figure 30: Emission Spectrum of GaN based LED at various injected current. (Egawa, 1997) 

At low injected current, the emitted spectrum is centered at 443nm wavelength and has a 

broad spontaneous emission. However, when the injected current increases, the emission spectrum 

increased and a new emission is observed at 380nm.  In order to study the optical degradation 

process, electroluminescence images were token on the GaN based LEDs. It was confirmed that 

the degraded characteristics of GaN based LED arise from the generation of dark-spot defects. 

Figure 31 shows the expansion of the dark-spot defects during the aging test (Egawa, 1997).  
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Figure 31: EL image of 67 hours of degradation. (Egawa, 1997) 

 

Figure 32: EL images of 310 hours of degradation. (Egawa, 1997) 

 These dark sports act as the non-radiative recombination centers which will reduce the 

internal quantum efficiency. The dark sports become darker and the size become larger with the 

aging process. Figure 32 shows the EL image of 310-hour aging (Egawa, 1997).   

The reason why the dark spots and region were observed at the corner of the electrode is 

that the injected current density concentrates at that location. Therefore, the decease of the light 

output at high injection current and temperature is caused by the formation of the dark region, 

which act as non-radiative recombination region.  
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Dark sport effects are rapid degradation and can be reduced in the state of the art LEDs as 

a result of continuous improvement of material growth and device process techniques. GaN based 

LED also exhibit a slow degradation of luminous flux. This slow degradation is generally related 

to the generation and diffusion of point defects. Those defects act as non-radiative recombination 

centers and carrier tunneling channels. The forward I-V characteristics of the LED before and after 

stress are shown in Figure 33 (Cao, 2003).  

 

Figure 33: Forward I-V characteritics of GaN based LED. (Cao, 2003) 

The low injection characteristics are dominated by carrier tunneling to the active region. 

This tunneling behavior has been extensively observed in GaN based LED, because of the highly-

doped junction and high density defects in the space charge region. The degradation of the I-V 

curve is a manifestation of slow generation of defects. At high current density, large amounts of 

heat generated in the active layer where the majority of the carriers recombine. As a result, the 

temperature in the junction will be high. Hot carriers can transfer enough energy to the lattice. This 

energy will displace the atoms and break the metal bonds. Those thermal energy assisted defects 
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occur in the InGaN layers where the bonding energy is the smallest. The defect formation could 

also be enhanced by a non-radiative recombination process in the active region 

Figure 34 shows the EL spectra of the LEDs measured at pristine condition and the 120 

hours stressed condition (Cao, 2003), 

 

Figure 34: EL Spectrum of GaN based LED. (Cao, 2003) 

The EL spectra of the control LEDs show two luminescence bands centered at about 405 

and 580 nm, which correspond to the band-edge emission and defect related yellow emission, 

respectively. The relative intensity of the two bands is a strong function of the injection current. 

The emission band associated with pre-existing defects in the LEDs offers us the chance to observe 

defect migration and generation during the stress tests. The intensity of the yellow band is strongly 

affected by the defects in the active layer. As the stress continues, more and more defects are 

generated in the active region. 
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Figure 35:Optical power measurment of the passivated and unpassivated LED at 250°C. 
(Meneghini M. P., 2006) 

During the fabrication process, p-type GaN layer was obtained using magnesium as 

acceptor. Hydrogen is introduced during growth process in compensating acceptor doping. After 

the growth, the doping can be activated by means of low-energy electron-beam irradiation and 

high temperature annealing.  GaN LEDs can fail after high-temperature stress (250°C- 300°C) 

even without bias. The main identified degradation mechanism was emission crowding and series 

resistance increase. The failure mechanism is the presence of hydrogen which at high temperature 

can diffuse in the p-layer and generate Mg-H bonds. As a result, this reaction will ruin the active 

doping and reduce the device performance.  The experiment was carried out by comparing the 

behavior of GaN LEDs with and without a hydrogen-rich SiN passivation layer during thermal 

stress by means of a combined electrical and optical characterization.  

The devices with and without passivation were subjected to thermal storage at 250°C for 

90hours at different electrical bias. Figure 35 shows the optical power measurement of the LED 

with and without hydro-rich SiN passivation layer ( (Meneghini M. P., 2006). It can be shown that 

the high temperature stress introduces a strong optical power degradation only in the samples with 

passivation layer, which lost the 65% of their efficiency at 10 mA after the 90-min test. On the 
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other side, the unpassivated samples lost only the 5% of their efficiency at 10 mA during the 90-

min test. 

 

Figure 36: I-V curves measurements of LED with passivation layer at 250°C. (Meneghini M. T., 

2006) 

 

Figure 37: Current-Voltage Curves of the LED without the passivation layer. (Meneghini M. T., 

2007) 

Figure 36 shows the forward current forward voltage characteristics of one passivated 

sample (Meneghini M. T., 2006). It can be concluded that thermal stress inducted an increasing of 
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series resistance in the diode. On the other hand, thermal stress didnôt introduce significant changes 

in the current-voltage of the LED who doesnôt have the hydrogen-rich passivation layer.  Figure 

37 shows the I-V curve of the LED without the passivation layer (Meneghini M. P., 2006). 

It can be seen from the above results that high temperature can change the electrical and 

optical performances of the GaN based LED. The optical power will decrease and the operation 

voltage will increase. This process can be related to the degradation of the p-type region of the 

diode, due to the hydrogen-induced compensation of the acceptor dopant (Meneghini M. T., 2007). 

The growth of InGaN/GaN multiple quantum well is complex due to the lattice mismatch 

and the different thermal expansion coefficient of the two material. The optical spectrum of the 

GaN based LED is strongly influenced by the quality of the quantum well structure which can be 

easily varied by the minor change of the growth condition. The degradation of the multiple 

quantum well structure was caused to the interaction of In and Ga between the InGaN and the GaN 

layer (Yang S. C., 2010) (Horng, 2012) (McCluskey P. M., 1999) (McCluskey M. D., 1998). GaN 

based LED was fabricated with InGaN/GaN multiple quantum well by metal organic chemical 

vapor deposition. The optical performance of the LED was correlated with the activation 

temperature of doped Mg.  Photoluminescence and electroluminescence was used to perform the 

analysis. Figure 38 shows the photoluminescence spectrum of the GaN based LED with Mg as the 

p-layer dopant (Youn, 2003). The device was activated at the temperature that ranges from 750°C 

to 925°C in N2 for 30 seconds.  
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Figure 38: Photoluminescence spectra obtained from the GaN based LED at with the Mg-doped 

p-GaN layer activated at the temperatures range from 7501C to 9251C fo 30 s in a N2 ambient. 

(Youn, 2003) 

It can be seen that the peak of the spectrum tends to decrease with the increasing of the 

activation temperature. Among all the samples, the LED that activated at 750°C has the heighted 

photoluminescence intensity. When temperature goes up across 825°C, the devices showed a 

significant decrease in the photoluminescence intensity (Youn, 2003). Figure 39 shows the high-

resolution transmission electron microscopy (HRTEM) image for the active layers of InGaN/GaN 

MQW annealed at 8251C. The image show that there are some dark lumps formed in the InGaN 

quantum well structure. Therefore, the activation process of Mg-doped p-GaN layer should be 

performed at the lowest temperature to obtain better optical properties of InGaN/GaN multiple 

quantum well structures (Youn, 2003).  
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Figure 39: TEM Image of the InGaN/GaN MQW annealed at 8251C for 30 s. (Youn, 2003) 

 

Figure 40: Photoluminescence spectra of annealed samples with various annealing durations. 

(Chuo, 2001) 

Figure 40 shows the Photoluminescence spectra of annealed samples with different 

annealing durations (Chuo, 2001). A blue shift can be observed with the increasing of annealing 

temperature from 900°C to 1050°C. This is attributed to the decrease of indium content in the 

quantum well after the intermixing between InGaN quantum wells and GaN barriers. The test 

result also indicates that higher diffusivity will happen with high-indium quantum well structure.  
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2.2. LED  PACKAGE RELIABILITY  

It is important to select the right materials for the optical parts in the LED package, such 

as lens, encapsulation. Improper materials will lead thermal stresses to the electrical package, due 

to CTE mismatches and reduce the rate of heat transfer from the semiconductor devices inside the 

package (Philips Lumileds Lighting Company, 2006) (Hsu, 2008) (Luo, 2010) (Hewlett Packard, 

1997) (Lu G. M., 2015) (Lin, 2006) (McCluskey P. M., 1999) (Zhang, 2012) . Figure 41 shows a 

LED package with various optical parts.  

 

Figure 41: LED package with various optical parts. 

The majority of high-power and mid-power LEDs use an epoxy or silicone based systems 

to make the optical parts of the package. Epoxy was used as the lens and package material when 

LEDs were first developed. The semiconductor-epoxy can increase the light extraction efficiency, 

because epoxy has larger refractive index compared with air. Figure 42 shows the light extraction 

efficiency as a function of epoxy refractive index (Lin, 2006).  
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Figure 42: Extraction efficiency of epoxy as a function of refractive index. (Lin, 2006) 

It is can be shown from Figure 42 that a higher refractive index and lower absorption 

coefficient can increase the light extraction efficiency of epoxy. LEDs are encapsulated to prevent 

the fragile wire bond and semiconductor inside the package from outside mechanical stress. 

Transparent epoxy resin was used as the encapsulation material for lower power LED for a long 

time. However, epoxy resins has two disadvantages as the encapsulation material for modern high 

power white LEDs (McCluskey P. M., 1999) (McCluskey P. M., 2000). Cured epoxy is usually 

very rigid due to the cross-lined networks. The other disadvantages is that epoxy material tends to 

degrade very fast when exposed to high temperature or ultraviolet light. This degradation will 

cause the yellowing of encapsulation. The yellowing of epoxy comes from the formation of 

thermos-oxidative cross-link.  Encapsulation yellowing will decrease the encapsulation 

transparency and discolored the optical parts. Consequently, the degraded epoxy optical parts work 

as a light filter which will reduce the light output and shift the light spectrum.  The poor thermal 

and ultraviolet resistance of epoxy encapsulation material can be enhanced by adding anti-

oxidants, UV stabilizers. The thermal stability of bisphenol-A, cycloaliphatic, and a new kind of 
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enhanced epoxy resin, have been studied by constant temperature aging. The performance of each 

material is shown in Figure 43 (Lin, 2006).  

 

Figure 43: Thermal Performance of different epoxies. (Lin, 2006) 

With expectation of higher luminous flux output, higher forward current and better life-

long reliability, silicone materials has been introduced to be new generation of encapsulation 

materials for LED (Narendran N. G., 2004) (Baillot, 2010) (Mehr, 2013b) (Meneghini M. P., 

2006). The chemical structure of silicone provides several advantages over epoxy encapsulation 

used in the optoelectronic products. The advantage includes the thermal and ultraviolet stability of 

silicone, which are the main characteristics needed for new generation LED products. Figure 44 

shows the 200h thermal aging test results of epoxy and silicone (Clapp, 2015) (DeShazer, 2014).  
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Figure 44: 200 hours thermal aging at different aging temperature. (DeShazer, 2014) 

High ultraviolet and thermal stability minimizes the yellowing effects at high heat 

(150°C+) and withstands high lumen density, especially for high power LED with the blue emitting 

die. Also, ultraviolet resistance can enhance the long-term reliability for outdoor application 

(Meneghini M. P., 2006) (Meneghini M. T., 2008).  

Silicone can be formulated in different hardness properties, which can be gel, elastic, and 

hard types. Silicone used in LED encapsulation is generally elastic type to give the flexibility to 

encapsulated wire bound and die attach. This characteristic provides the ability to absorb thermal 

stress during the soldering process and during operation at high power as well.   

Silicone elastomers, gels, thixotropic gels, and fluids not only perform extremely well in 

high temperature applications, but also offer refractive index matching so that silicone can transmit 

light with admirable efficiency. Silicone has a wide variety of material compositions which makes 

it a potential option for various applications. The optical industry widely uses silicone for various 

applications such as fiber optical cable potting. Due to these optical advantages, silicone materials 

have been used in the phosphor binder, encapsulation and lens of LED package. 

However, silicone compound as an LED encapsulation material can also have defects, such 

as larger thermal expansion coefficient, and high permeability to humidity. Silicone resins may 
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out-gas at extreme high temperatures or the ingress of moisture, releasing acetic acid which is very 

corrosive to the elements inside the LED package. The catalysts used to prepare silicones can also 

be harmful to the LED package (Dow Corning Corporation, 1997). Such reactions can result in 

the degradation of thermal stability or optical stability. 

 

Figure 45: Light output variation as a function of aging time at different temperature. (Narendran 

N. G., 2004) 

The thermal effects associated with high junction temperature also play an important role 

in the yellowing effects of encapsulation material. Yellowing Effects is related to the combination 

of ambient temperature and the self-heating. A portion of the emitted light will circulate between 

the phosphor layer and the reflector cup and increases the temperature of the package. Exposure 

to high temperature will reduce the luminous output. Figure 45 shows the relative light out as a 

function of aging time at different ambient temperature (Narendran N. G., 2004).  

The light output decrease over time in an exponential pattern. Therefore, the relative light 

output, L, can be expressed as: 

teL *a-=  
(75) 
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Where a is the light output degradation rate or the decay constant, and t is the operation 

time measured in hours. Exponential curve fitting of the experimental data yielded the decay 

constants for each junction temperature. With increasing junction temperature, the decay constant 

increased exponentially also.  Therefore, the light output degradation rate increase with the 

increasing of junction temperature. Figure 46 illustrates the variation of the decay constant as a 

function of junction temperature (Narendran N. G., 2004). 

 

Figure 46: Decay Constant as a function of junctin temperature. (Narendran N. G., 2004) 

2.3. PHOSPHOR RELIABILITY  

The function of phosphor material in LEDs is to absorb the primary wavelength emitted by 

the LED chip (near ultraviolet or blue light) and convert it to long wavelength spectrum. The 

requirements of phosphor material used in LEDs includes: high absorption in the region of blue 

spectrum, high quantum efficiency, resistant to extreme environment such as high temperature and 

humidity.  
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Figure 47: Room temperature excitation (left) and emission spectrum (right) of Y3Al 5O12:Ce3+ 

phosphor. (Pust, 2014) 

Fluorescent lamp phosphors convers the ultraviolet discharge of mercury plasma into 

visible light. The primary wavelength of the plasma is 254nm and the converted spectrum is 

555nm. The efficiency of the conversion process is approximately 45% which is relatively low. 

There are nearly 55% energy loss during the conversion process in the fluorescent lamp. Therefore, 

the efficiency of a lighting devices would increase as the excitation spectrum moves closer to the 

visible spectrum. For example, the energy conversion efficiency of a 370 nm UV and a 450 nm 

blue radiator into visible light would be about 65 percent and 80 percent, respectively. There are 

two available semiconductor devices, namely UV emitter (emission at 370nm) and blue emitter 

(450nm-470nm).  

To generate white spectrum, the blue emission from the LED emitter can be mixed with 

the complementary yellow emission that can be generated by a yellow phosphor. The yellow flour 

luminescence emission mixed with the residue blue light can generate white light with a range of 

correlated color temperature form 3000K to 6000K.  Figure 47 shows the excitation spectrum and 

the emission spectrum of Y3Al 5O12:Ce3+ phosphor at room temperature (Rohwer, 2003) (Pust, 

2014).  
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Figure 48 Normalized spectra of various yellow-emitting phosphors: (a) YAG:Ce, (b) TAG:Ce, 

and (c) Sr3SiO5:Eu2+, respectively. (Jang, 2009) 

By careful control of the garnet phosphor chemical component, the emission spectrum can 

be tuned to cover a large range of white color temperature. However, there are some drawbacks of 

YAG:Ce phosphor. The color rendering index of the white LED is very low due to the lack of red 

emission spectrum. Researchers are developing new phosphor material that can increase the color 

rendering index of white LED. Among all the new phosphor systems, nitride phosphor material 

has drawn a lot attention. Divalent europium-activated M2Si5N8 (M can be Ca, Sr, Ba) materials 

display strong absorption in the blue and exhibit efficient emission of red spectrum which can 

increase the color rendering index significantly. Figure 48 shows the excitation and emission 

spectrum comparison of YAG:Ce, Tb3Al 5O12:Ce3+and Sr3SiO5:Eu2+ phosphor system (Jang, 2009) 

. 
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Figure 49: Light Spectral of white LEDs using (a) YAG:Ce, (b) TAG:Ce, (c) SS:Eu, and (d) 

YAG:Ce+SS:Eu under various currents (DC 10, 20, 30, 40, 50 and 60 mA). (Lunia, 2014) 

 The emission spectrum of one phosphor system is different from those of the other 

phosphors. Therefore, a white light can be tuned by combining a blue LED with various available 

yellow emitting phosphor.  The operational current of LED usually has a wide range that can 

change from 150mA to 1000mA. When the applied current increases, the intensity of the blue and 

yellow spectrum of white LED increase, because the higher the applied current, the stronger the 

blue emission. The blue emission will be absorb by the yellow emitting phosphors, and the yellow 

emissions will increase accordingly. The spectrum of the white light will change with the applied 

current, so do the color coordinates in the CIE diagram. Figure 49 shows the light spectrum of the 

white LED under the following applied currents: 10, 20, 30, 40, 50, and 60 mA (Jang, 2009) 

(Lakshmanan, 2011) (Lunia, 2014). 
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Figure 50: (a) The CIE color coordinates of the pc-LEDs and (b) the variation of the CIE color 

coordinates of the pc WLEDs as a function of the applied current (DC 10, 20, 30 40, 50, and 60 

mA). (Jang, 2009) 

Figure 50 shows the color coordinates of the white LED under different applied current 

(Jang, 2009). It can be shown that the color coordinates shifted to the blue region as the applied 

current was increased. It indicates that the rate of the increase in blue emission is higher than the 

rate of increase in yellow emission. In addition, when the forward current was increased, the mixed 

phosphor (YAG:Ce + SS:Eu)-based white LED showed more stable color stability than single 

phosphor based white LED. Therefore, by applying mixed phosphors on a blue LED chip, the 

color stability of different current is improved, as well as the color rendering index (Jang, 2009) 

(Narendran N. G. N., 2005).  

Although phosphor binder layers are a necessary component for white LEDs, the presence 

of phosphors can cause a decrease in reliability of LED packages (Tran N. T., 2008) (Meneghini 

M. T., 2008). Figure 51 shows the light output power of phosphor based LED with different 

phosphor concentration (Tran N. T., 2008) (Tran N. T., 2009). 
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Figure 51: Relative Power output of phosphor based LED at different phosphor concentration. 

(Tran N. T., 2009) 

Phosphor particles are embedded inside the silicone resin.  The brightness and luminous 

efficacy of a LED package depends on the phosphor particles concentration and phosphor binder 

thickness (Tran N. T., 2008) (Tran N. T., 2009). The package with low phosphor concentration 

and high phosphor- composite thickness has higher luminous efficacy compared with the package 

having higher concentration and lower phosphor-composite thickness. Increased phosphor 

concentration increase the probability of blue light being absorbed and converted to yellow light. 

Therefore, the correlated color temperature is decreasing with the increase in the phosphor 

particles concentration.  Also, the luminous efficacy will decrease, because the conversion 

efficiency of phosphor is always less than 100%.  Moreover, an increase of phosphor concentration 

increase the probability of light being trapped inside the package. In conclusion, the power output 

of LED decrease with the increasing of phosphor concentration.  

It is shown that different particle sizes scatter and trap different amount of light inside the 

package or reduce the amount of light propagating in forward direction (Tran N. T., 2008) (Tran 
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N. T., 2009). Different phosphor sizes also have different spatial distribution that can be a result 

of settling effect.  Figure 52 shows the light distribution when a blue photon hits the phosphor 

particle (Tran N. T., 2008) (Tran N. T., 2009).  

 

Figure 52: Interaction of excied light and a phosphor particles. (a) scattering light distribution (b) 

isotropic emission of yellow light. (Tran N. T., 2009) 

Light loss in the LED package is dominated by scattering and reflection of excited light by 

semiconductor chip.  There is a large amount of light energy reflected back to the package by the 

phosphor particles in the binder layer. Also, backscattering of phosphor particles also decrease the 

extraction efficiency of LED packages. Only 40% of the light will transmit through the phosphor 

layer, while 60% of them is either reflected back or backscattered (Narendran N. G., 2004). 

Backscattering and back reflection of light by phosphor particles can be minimized by optimizing 

phosphor particle sizes. 

In a phosphor based white LED, phosphor particles can be applied on the top of the blue 

emitter.  The thin layer of phosphor is dispensed on the chip by a clear encapsulation material, 

such as silicone. In any phosphor binder geometries, the size of the phosphor particles is expected 
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to influence the luminous efficacy of the LED package. Figure 53 shows the lumen output of LED 

package with different phosphor particles size (Tran N. T., 2009).  

 

Figure 53: Lumen ouput of phosphor LED with different particle sizes. (Tran N. T., 2009) 

In the micro-size region, the lumen output reaches its maximum value at the particle size 

of 20ɛm, and decrease when the particles size keeps increasing.  This observation can be explained 

by using the extent of light scattering. In the phosphor binder, the process of light scattering is 

complicate. The light scattering process depends on the particle size, the degree of refractive index 

mismatch between the phosphor particles and encapsulate, the concentration of suspended particle, 

and the wavelength of light. 

2.4. DIAGNOSTIC AND L IFETIME PREDICTION  

Prognostics and health management (PHM) is a method that permits the reliability of a 

system to be evaluated in its actual life-cycle conditions, to determine the advent of failure, and 

minimize the system risks (Vichare, 2006) (Pecht, 2009). It requires the diagnostic tools integrated 

inside the system being monitored. Thanks to the development of sensor system and integrated 
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circuit, most of the safety crucial mechanical or electrical system has a compact self-diagnostic 

and monitor system, such as aircraft, submarine.  Knowing the health of each components in a 

system provides better knowledge of making important decisions related to safety.  Usually, there 

are many sensors running inside the system to monitor the system states and health condition in-

situ. As a result, a large amount knowledge is available for the health management of mechanical 

and electrical system such as aviation system. For a long time, prognostic health management has 

been employed to provide advanced warning of safety and mission critical system to allow 

necessary maintenance. Some existing PHM technologies have been applied to critical 

infrastructures, such as nuclear power plant, bridge, railways (Swanson D. C., 2000) (Swanson D. 

C., 2001) (Batzel, 2009) (Jarrell, 2002), (Coble, 2010), (Ko, 2005).  

PHM is also proven an efficient method to monitor and access the health of electronics 

system (Lall P. B., 2008d) (Lall P. C., 2006a) (Lall P. C., 2007a) (Lall P. C., 2008a) (Lall P. G., 

2007b) (Lall P. H., 2007e) (Lall P. H., 2008c) (Lall P. H., 2007c) (Lall P. H., 2006b) (Lall P. I., 

2005a) (Lall P. I., 2008f) (Lall P. I., 2004a) (Lall P. I., 2006d) (Lall P. I., 2004b) (Lall P. I., 2004c) 

(Lall P. L., 2010b) (Lall P. L., 2010a) (Lall P. L., 2011c) (Lall P. L., 2009a) (Lall P. L., 2009b) 

(Lall P. L., 2011b) (Lall P. L., 2011a) (Lall P. W., 2012a) (Lall P. P., 2005b) (Lall P. P., 2008b) 

(Lall P. P., 2006e) (Lall P. P., 2004d) (Lall P. S., 2014) (Lall P. S., 2012b) (Lall P. S., 2008e) (Lall 

P. S., 2013a) (Lall P. Z., 2013b)This method has been widely used in various products, since most 

products contain some electronics to provide functionality and performance in recent days. The 

increasing usage of electronic system for mission and safety critical situation has motivated the 

development of new technologies that can monitor the health of the electronics system and give 

warming in advance. Assessing the extent of deviation or degradation from expected normal 

operation condition for electronics system can help to prevent catastrophic failure of critical 
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system. PHM can provide warning of the failure and extend maintenance cycle which will reduce 

the life cycle cost.  It requires the diagnostic tools integrated inside the system being monitored. 

Therefore, it should consume minimal resource and be able to provide long enough warning time 

to allow maintenance to be performed. The health management of electronic package is difficult 

compared with the mechanical system, since all the components inside the electrical package is in 

micro scale or nano scale. Electronic package is a highly-intergraded system with complicate 

architecture inside. Therefore, there are some challenges in the in-situ monitoring, and remaining 

useful life prediction. For now, there are several methods have been developed to implement the 

PHM method inside electric package, such as built in test (BIT) and using of expendable devices 

(Kulkarni, 2010) (Vichare, 2006).  

2.4.1. BUILD -I N TEST 

Built-in test (BIT) is a method that involves on-board hardware. That hardware consists of 

circuit that built inside the package. Software are used to read the output of the built-in test circuit. 

The manufacturer of BIT system provides a package which allows the user to access the internal 

components. The output of the BIT system can be compared with the know characteristics to 

monitor the health states of the system. Based on the application, the BIT can be separated into 

several levels, such as circuit-level, module-level and system-level. The working pattern of BIT 

system depends on its function. Some of the BIT system works continuously, while other BIT 

systems only work when it is required to do so. Depending on the diagnostics method, BIT 

technology can also be divided into two categories: direct and indirect method. The direct method 

diagnoses the system through a sensor attached directly to the components whereas the indirect 

method evaluates other peripheral parameters that reflect the condition of the component. A system 

with BIT is characterized by its ability to monitor and diagnose its health condition by itself. BIT 
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has been deployed in many areas of the industry, such as manufacturing, aerospace, automobile, 

large-scale integrated circuit (IC), power system (Barke, 2005) (Goebel, 2008) (Gao, 2002) 

(Mishra S. P., 2002). This trend is primarily due to the need for highly integrated and automated 

system which requires high level of system reliability.  

The increasing number for smart factories with high automation, high productivity and low 

cost has stimulated the development of innovative BIT applications in all kinds of industry 

products. IC industry is one example. IC products have high integration density which has lots of 

reliability issues such as current leakage, cross talk and electro-magnetic compatibility. These 

problems reduce the reliability of the system and it is very difficult to access the single component 

for individual test due to the high density. Also, off-line testing procedures are time and resource 

consuming, presenting a bottleneck for time and resource efficient productivity. It is necessary to 

have a BIT system to assess the states of each component and provide health management. In this 

application, the BIT components are embedded inside the function circuits, enabling the quality 

controller to diagnose the system by comparing BIT signals with a set of reference or threshold 

values. If the output of BIT doesnôt match the reference signature, an error happens which means 

the degradation of the IC. This method has led to the emergence of BIT in the semiconductor 

industry as a cost effective and efficient technique. Figure 54 shows the test scheme of IC (Gao, 

2002). 
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Figure 54: BIT test scheme of IC. (Gao, 2002) 

Another application of BIT in IC is to monitor the temperature of the die region. The 

accurate temperature measurement of the die region can be obtained by measuring the voltage of 

a constant forward current biased diode. The most important characteristics of aircraft is its safety 

critical. Disaster could happen if a smallest component fails during the operation. The need for 

high reliability of aircraft has resulted in the adoption of BIT systems at various levels, such as 

component level and system level (Zourides, 1989).  

The nature of BIT system determines that it can identify the failure modes that closes to 

the component levels. It helps achieve significant cost reduction by reducing the need for system 

disassembly during the system diagnostic and maintenance. Another advantage of BIT system is 

that it can record the time and the environmental stress data of the failure event which will help to 

identify the cause of failure. Failure analysis and future diagnostics can be much easier with the 

data from BIT system.  

Despite the advantages of BIT systems, there are some concerns. The BIT system is an 

extra to the original system. It should monitor the mechanical or electrical system without affecting 
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the normal operation at minimum source consumption. For example, it takes up space and adds 

extra weight to the aircraft system which will reduce the efficiency of commercial operation. Also, 

BIT technology is still being developed to achieve high accuracy. The spurious fault detection and 

indication rate is high. Several studies has been performed on the high fault detection rate which 

can results excessive replacement, loss of system reliability. BIT system can only be applied in big 

volume systems, since the extra circuit and interface are going to consume some extra space. BIT 

system primarily serves as a health monitoring and diagnostics tool and is not be able to provide 

the prediction of remaining useful life. Those disadvantages greatly restrict its applications scope 

(Allen, 2003). However, the BIT will ultimately become a wide adopted diagnostics tool in both 

manufacturing and consumer electronics with the development of wireless data communication 

and advanced sensors, such as microelectromechanical systems (MEMS). It can be expected that 

the development of BIT system will integrate many other frontier technologies and bring new 

challenges that needed to be addressed in the future. 

2.4.2. RELIABILITY CANARY  

Reliability canaries is another traditional method to protect the key structure of mission 

critical system. Fuses and circuit breakers are examples of reliability canaries that used in 

electronic system to protect the sensitive components. In some other system, temperature sensors 

are deployed to sense the ambient temperature, and shut down the system if the temperature go 

across the limited threshold. Like the BIT system, self-checking circuit can be incorporated in the 

system and sense the abnormal conditions. (Vichare, 2006).  The circuit will fail earlier than the 

critical functional components, which will gratly reduce the risk of the whole system and save 

replacement cost. Also, reliability canary circuit embedded in the safety critical system can be used 

to provide warnings prior the real failure. Semiconductor-level reliability canaries are available 
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with pre-tuned circuits that can be placed in the same package with the functional chip to monitor 

the health states of the electronic package. The canary circuit can be used to monitor various 

semiconductor devices failures, such as dielectric breakdown, hot carrier aging or electro 

migration (Mishra U. K., 2002). The reliability canary is subject to the same manufacturing process 

and environmental stress with the actual functional circuits inside the package. By incorporating 

these monitors as a part of the electrical package, it can assure that the canary circuit components 

see the same operational environment as the real product. It also assures that any parameter that 

affects the product reliability will also affect the reliability canary. 

If both the functional circuits and the reliability canaries are designed and manufactured 

with the same technology, both circuits will have the same mean life time. In order to provide the 

advanced warning for the critical system, the canary circuit should fail earlier than the functional 

circuit. Although both the circuits are in the same environmental stress, the aging stress of the 

reliability canary can be altered in a controlled way, such as increasing the electrical stress. 

Increasing of the electrical stress can be achieved by increasing the current density passing through 

the reliability canary. Current passing through the functional circuits and the canary circuit are the 

same in order not to disrupt the functionality of the key system. With the same amount of current 

passing through both circuits, the cross-sectional area of the canary components can be reduced to 

achieve higher electrical stress. Another method of increasing the current density is to increase the 

voltage applied to the canary components. A combination of previous techniques can also be used 

to increase the electrical stress on the canary components. Higher current density will cause higher 

internal heating which will cause higher thermal stress on the canary components. When higher 

electrical stress applied to the canary components, they are expected to fail earlier than the 
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functional circuit. Figure 55 shows the reliability curves for functional circuit and canary circuit 

(Mishra S. P., 2002).  

 

Figure 55: Idealized bathtub reliability curves for the functional circuit and canary components. 

(Mishra S. P., 2002) 

2.4.3. ACCELERATED LIFE TEST  

The improvement of BIT and reliability canary systems can be achieved by the accelerated 

life test (ALT). A large amount of failure date could be gathered through the accelerated life test 

which provides the insight of the failure mechanisms (Nelson, 1990) (Su, 2012). The BIT and 

reliability canary could be rearranged with the failure mechanisms found in the accelerated life 

test, which will greatly improve the accuracy of prediction and reduce spurious fault detection 

(Suhir, 2002) (Hallberg O. a., 1991). The main purpose of ALT is to reveal and understand the 

physics of the expected and unexpected failure mechanism of a product during the operation. 

Usually, there are several failure mechanisms of a product. The ALT can also help to accumulate 

the failure mechanism statistical distribution in a very short time compared with tradition BIT or 

reliability canary methods.  It player an important role in the evaluation and assurance of reliability 

of products.  
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Reliability is usually defined as the ability of a product to perform the required function 

without failure. Reliability engineering studies failure modes and mechanisms, causes of various 

failures, and methods to prevent failures (Suhir, 2002). It is important for a company to assure its 

product to have a worthwhile lifetime and reliability of the customerôs expectation.  In order to be 

successful in the marketplace, a manufacturer must understand the physics of the failure 

mechanisms and the method to prevent the failure in the lifetime. The manufacture usually 

guarantee the lifetime threes time larger than the expected lifetime of a product.  

Commercial microelectronics and photonics products present poor reliability control and 

have lots of challenges during the design and manufacture process, due to the high density of 

components (Suhir, 2002). The micro-scale or nano-scale size of the components also increase the 

uncertainty during the manufacture process. It is important to reduce the cost and time to market 

if a company want to compete in the global market. Accelerated life test plays an important role 

in the designing of reliable products in a short time range. In some cases, especially for new 

products of new technologies, where no experience has been yet accumulated, the general 

qualification standards will no long work. Even the new products pass the similar qualification 

standards, which is based on the previous accumulated knowledge of similar component or 

technology, they still have the high chances to fail during the lifetime. It is also unclear what could 

be done to improve the quality of the new products.  Well-designed ALT can dramatically facilitate 

the company and reduce time-to-market time, without compromising the products quality.  

The lifetime of an electronics product is very long, typically on the order of hundred 

thousand hours and it is impractical and uneconomical to wait for the failure. ALT uses reasonable 

increases in stresses to improve the efficiency of reliability test. The stresses can be electrical 

stress, thermal stress, high humidity or mechanical stress. ALT may also be combined stress. 
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Examples are: temperature/humidity bias (65°C/90%RH, 75°C/75%RH, 85°C/85%RH), vibration 

tests at elevated temperature condition, etc. The accelerated test conditions must be specifically 

designed for the product under test, particularly considering the use conditions. For example, 

before a new model of cell phone is released, several accelerated mechanical tests will be 

performed such as vibration and shock test (Tan, 2008).  

The design of ALT should consider all the possible failure mechanism caused by a particle 

stressing environment (Trevisanello, 2008) (Tarashioon, 2012). The acceleration factor and stress 

should change with the changes of the materials and technologies in the products. Also, the market 

demand should also be considered. For example, the military ALT standard is much harsher than 

the normal commercial market. The most common accelerated test conditions are shown in Table 

1 (Suhir, 2002): 

Table 1: Accelerated Test Conditions (Suhir, 2002) 

Mechanical Stress Fatigue test 

Mechanical shock  

Drop shock  

Sinusoidal vibration test 

Random vibration test 

Thermal Stress High temperature storage (Steady state) 

Lowe temperature storage 

Temperature cycling 

Thermal shock 

Other Stress Power cycling 
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Voltage extremes 

High humidity 

Radiation 

Typically, a particular failure mechanism will be related with an accelerated test condition. 

However, accelerated test conditions may lead to other different failure mechanisms. For example, 

material property could change completely at high temperatures like a phase transition. It is 

impossible to predict the failure mechanism at a given test condition. Because of the existence of 

this exception, it is always necessary to identity the right failure mechanisms and understand the 

underlying physics. Then, the limit of the usage condition can be established. It should be 

remembered that the defects size, location and stress condition should be considered together as a 

system.  For example, even a large void in the middle of a solder joint might be acceptable and 

should not be viewed as reliability defect. However, a tiny void or defect at the interface (especially 

at the solder ball corner) should be taken seriously, it could lead crack initiation and damage the 

connection.  Table 2 shows the common failure mechanism and the corresponding accelerated 

stress (Suhir, 2002): 

Table 2: Failure Mehcanisms and the corresponding acclerated stressed (Suhir, 2002) 

Failure Mechanisms Accelerated Stresses and Parameters 

Corrosion Corrosive atmosphere, temperature, relative 

humidity 

Creep and stress relaxation  Mechanical stress, temperature 

Delamination  Temperature cycling, relative humidity 

Dendrite growth Voltage, humidity 
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Diffusion Temperature, concentration gradient 

Electro migration and thermos migration Current density, temperature 

Stress corrosion cracking Mechanical stress, temperature, relative 

humidity 

Contact  wear Contact force, frequency, relative sliding 

velocity 

The US Department of Defense (DoD) military test standard MIL-STD-810 list a large 

amount of different accelerated life test methods that can be used for various products which 

includes microelectronics products. IPC-SM-785 lists the accelerated thermal mechanical stress 

test standards for the surface mounted electronics which is in mission and safety critical 

applications. JESD22-B11 and JESD22-B103B list the acceleration test standard for drop and 

vibration test. Sometimes vibration profile from MIL-STD-810 is used to modify the accelerated 

vibration test of surface mount electronics (Lall P. L., 2011a). Figure 56 shows a 11gn random 

vibration profile.  

 

Figure 56: Random Vibration Profile. (Lall P. L., 2011a) 
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2.4.4. TRADITIONAL L IFE PREDICTION M ODELS 

ALT usually works with a predictive model (Suhir, 2002). This predictive model describes 

what is changing in the products and what can we get from the ALTs. With the help of the 

predictive model, the performance of the devices after certain time in service can be predicted at 

the accelerated test conditions. By considering the fundamental physics of degradation, the 

performance of the devices at normal operation condition can also be predicted. A good predictive 

model should clearly include what affects what in a given device, and can be used in new 

application conditions and new technology developments.    There are several PHM methods that 

can be correlated with the accelerated life test method to predict the remaining useful life of various 

electronics components. Tradition reliability method predict the lifetime based on the average of 

a large population, such as Weibull analysis (Kleinbaum, 2005). Weibull distribution is the most 

common method of statistical analysis being used by researchers to display trends and analyze 

failure data in electronic packaging today (Lall P. C., 2008a) (Lall P. P., 2008b). The Weibull plot 

provides failure time estimation for a large population of components.  For example, large number 

of components are thermal cycled in a thermal cycle test. During the cycles, the failure number of 

component are recorded. The resulting failure data were statistically analyzed using two parameter 

Weibull models. The standard parameters in such an approach are the Weibull slope ɓ, and the 

characteristic life ɖ, which is the number of cycles required to cause failure of 63.2% of the samples 

from a particular leg of the test matrix. The equation used in Weibull plot is list below:  
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Where N is the number of cycles (time until failure occurs), R is the percentage of parts 

that remains functional, F is the percentage of parts that failed. ɖ is the characteristics life (where 

63.2% of the parts that failed) and ɓ is the Weibull plot slope.  
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The thermal cycle number when 1% of the devices failed can be calculated with the 

following equation where F(N) equals 0.01:  

bh

1

))
)(1

1
(ln(*%)1(

NF
N

-
=

 

(77) 

Figure 57 shows a Weibull distribution plot of a resistor study (John Evans, 2016). This 

figure plots the number of thermal cycles (x-axis) versus the percentage of occurrence of the 

cumulative distribution of failures (CDF). 

 

Figure 57: Weibull Plot of a Resistor Termination Study (John Evans, 2016) 

Another method to find the mean time to failure is Arrhenius equation. It is one of the 

earliest and most successful acceleration models predicts how time-to-fail varies with temperature. 

The Arrhenius equation for reliability is commonly used to calculate the acceleration factor that 

applies to the acceleration of time-to-failure distributions for microcircuits and other 

semiconductor devices. The Arrhenius can be expressed:  
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Where T is the lifetime, Ea is the activation energy, Kb is the Boltzmannôs constant and T 

is the absolute temperature. The Arrhenius model can be used with great success if the key factor 

for the failure is temperature. Most of the physical processes and chemical reactions are 

temperature dependent. Temperature is the accelerator factor during this degradation. Activation 

energy (Ea) is an empirical value that is the minimum energy required to initiate a specific type of 

failure mechanism. Material oxidation, electro-migration and contamination are some examples of 

such failure modes, each with a unique associated Ea. The Arrhenius equation can be used to model 

temperature induced degradation in many electronic and photonic products, such as electronic 

package, LED (Yang Y. H., 2014). The constant A is a scaling factor that drops out when 

calculating acceleration factors. The acceleration factor between a higher temperature T2 and a 

lower temperature T1 is given by: 
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When a component has been tested for a number of hours under the stressed condition, the 

equivalent operation time at the normal use condition can be calculated with the acceleration 

factor. If the use stress is a less than the stressed condition of an accelerated life test, the 

acceleration factor will be higher than on.  

To add some other stresses in the life predicted model, Eyring model is given as:  
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The effect of the external stress ů is considered as another term in the Eyring equation. 

Peckôs equation is a modified version of Arrhenius equation. It is designed for the temperature and 

humidity bias condition which is given below: 
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Where RH is the relative humidity percentage.  

2.4.5. L IFETIME PREDICTION WITH L EADING I NDICATOR  

There are many drawbacks of traditional reliability modeling. Critics of traditional lifetime 

prediction methods point to the reliance on large amount of data for statistical analysis (Jang, 

2009). The failure of a single component could lead the breakdown of the whole system. Assessing 

the health of single component provides better information for the system health (Engel, 2009). 

Another critic of traditional reliability method is the gap between accelerated life test the real usage 

condition (Smith, 2011)The ALT relies on the large population statistics to get the conclusion. 

However, the reliability of single component in the system is most relevant to the specific usage 

condition (Hamada, 2008). During the maintenance, most of the parts are replaced as they fail. 

Thus, most of the components are replaced at a very low probability of failure. Therefore, the 

drawbacks of this traditional method is that most components are replaced before they are failed 

which leads to a large amount of excessive support cost.  

Life prediction based on the leading indicator can be used to extrapolate the system 

information forward with the current data to predicate the remaining useful life. The use of leading 

indicator can reduce the experimental resource and time dramatically. Also it doesnôt require large 

amount of reliability test data and insight of the variance in manufacturing process (Lall P. L., 

2011a) (Lall P. L., 2011b) (Lall P. L., 2011c). Leading indicator based PHM is component based 

and doesnôt affected by various usage conditions. Crack initiation, damage progression can be 

related to the certain leading indicators of the electronic system, such as resistance, involution of 

micro-structure, spectral or frequency characteristics of the electronics. Early estimation of 

remaining useful life (RUL) of a faulty component is at the center of system prognostics and health 
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management (Celaya, 2011) (Zhou, 2012) (Abdennadher, 2010). It gives operators a potent tool in 

decision making by quantifying how much time is left until functionality is lost.   

A number of environmental stress such as vibration, thermal cycle and many other can 

cause initiation of cracks of solder balls. Those initiated cracks can propagate through the whole 

solder ball and damage the connections. Figure 58 shows a crack in a solder ball (Lall P. L., 2011b).  

 

Figure 58: Depiction of a cracked solder joint as the result of applied stress. (Lall P. L., 2011b) 

The flip chip and ball grid array package are widely used now. New architectures design 

further increases the density of interconnects. Each of these new architectures will be limited by 

the mechanical and environmental stresses. Mission and safety critical electronic applications 

motivate the development of new technology to diagnostic the health condition. Change of 

resistance can be related to the cracking initiation and propagation of components in electrical 

package such as the interface between the solder joint and solder pad (Lall P. P., 2004d) (Lall P. 

P., 2005b) (Lall P. P., 2006e) (Lall P. P., 2008b). Therefore, this method can be applied to the 

electronic package and monitor the health condition. 
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Figure 59: Resistance Spectroscopy sheme diagram. 

To complete this task, the method of resistance spectroscopy (RS) was used to detect the 

small change of resistance. Continuity measurements with measurement devices, such as an 

oscilloscope, and a traditional DC multiple meter to measure the changes of resistance. 

Measurement devices usually donôt have the adequate resolution to monitor very tiny changes of 

the contact resistance (Lall P. L., 2011c) (Lall P. L., 2011b) (Lall P. L., 2011a). Resistance 

spectroscopy is the method that can capture the small change of contact resistance (Stanford 

Research Systems).  

Figure 59 shows the scheme diagram of the resistance spectroscopy. Capacitors C1 and C2 

help eliminate stray inductances from wires running between the test board and measurement 

equipment. Resistors R1, R2 and R3 are used to balance the bridge. The single pole double throw 

relay has a small but non-negligible resistance that must be balanced out by specifying an 

appropriate value of resistor R3. Unlike traditional bridges, a AC voltage source drives this bridge, 

resulting in a sinusoidal output whose amplitude and phase shift are proportional to the resistance 

of the package. The lock-in amplifier performs the phase sensitive detection which effectively 

increases the resolution of the RS measurement. The outputs from the lock-in amplifier, the 
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magnitude and phase shift of the signal V out, AC, are recorded using a data logger. Figure 60 

shows the data flow of resistance spectroscopy.  

 

Figure 60: Data Flow of resistance spectroscopy. 

 Calculating the change in resistance of the package based on the measured output voltage 

from the bridge follows closely to that of a traditional Wheatstone bridge, but must now 

incorporate impedances into the calculation. Phase sensitive detection has been used to measure 

very small changes in resistances which are converted to very small changes in voltage VoutAC by 

the bridge. Phase sensitive detection is a unique measurement method that allows the interrogation 

of very small signals corrupted with noise. Detection of signals with signal to noise ratio 

considerably less one is possible. Implementation involves multiplying a reference signal VinAC, 

by the measured signal, VoutAC.  

The resulting signal, Vm passes through a low pass filter to remove frequency components 

that are not of interest. In practical realization, the low pass filter is higher order filter than depicted 

in the diagram. The output from the phase sensitive detection, VPSD is a signal that is proportional 

to the magnitude of the measured signal, VinAC, without noise corruption. See (Lall P. L., 2009b) 
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for a detailed discussion of phase sensitive detection including the derivation of pertinent equation. 

Since the components of the Wheatstone bridge are known quantities, the change in resistance of 

the package can be calculated to the micro-ohm resolution using the phase sensitive detection 

technique. A lock-in amplifier is traditional method for performing the switch type amplifiers or 

commercially available generic data acquisition hardware are alternative method. Then the value 

Zpck which equals Rpck can be calculated with the following equation: 

Z2ACVin,+Z3)+(Z2ACVout,

Z1)Z3+Z1(Z2ACVout,-Z1Z3ACVin,
=Zpck

ÖÖ

ÖÖÖÖÖ
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Commonly the leading indicator works with a prognostics algorithm that can implemented 

through various reiterative filters algorithm. Kalman filter is a recursive filter that can project the 

state vector forward with the system dynamic function (Kalman, 1960). The Kalman filter (KF) 

commonly employed by control engineers and other physical scientists has been successfully used 

in such diverse areas as the processing of signals in aerospace tracking and underwater sonar, and 

the statistical control of quality such as navigation (Bar-Shalom, 2004) (Bevly, 2007), tracking 

(Hayward, 1997), dynamic position (Balchen, 1980), auto pilots (Gueler, 1989). More recently, it 

has also been used in some non-engineering applications such as short-term forecasting and the 

analysis of life lengths from experiments, such as economic forecasting. The application domain 

of Kalman filter includes GPS, satellite, aircraft and ships. Kalman filter can smooth the noisy data 

efficiently and can be used as the noisy filter of various sensors such as accelerometers, radars, 

and odometer. The general filtering problem shown that, under linearity and Gaussian conditions 

on the systems dynamics, the general filter particularizes to the Kalman filter.  

Kalman filter is a linear, discrete time, finite dimensional time-varying system that 

evaluates the state estimate that minimizes the mean-square error. When the system state dynamics 

or the observation dynamics is nonlinear, the non-optimal approach to solve the problem, in the 
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rage of linear filters, is the Extended Kalman filter (EKF). The EKF implements is the results of 

the linearization of the original non-linear dynamics around the previous state estimates. As with 

the original Kalman Filter, the Extended Kalman Filter uses a 2-step predictor-corrector algorithm. 

The first step involves projecting both the most recent state estimate and an estimate of the error 

covariance. The second step involves correcting the predicted state estimate calculated in the first 

step by incorporating the most recent process measurement to generate an updated state estimate. 

However, due to the non-linear nature of the process being estimated the covariance prediction 

and update equations use the Jacobian of the transfer function and measurement function.  

The Extended Kalman Filter (EKF) has become a standard technique used in a number of 

nonlinear estimation and machine learning applications. These include estimating the state of a 

nonlinear dynamic system, estimating parameters for nonlinear system identification (Van Der 

Merwe R. , 2004) (Julier, 1997) (Tampère, 2007). Due to the linearization, the EKF can be viewed 

as the ñfirst-orderò approximations to the original system. These approximations, however, can 

introduce large errors in the true posterior mean and covariance of the transformed (Gaussian) 

random variable, which may lead to sub-optimal performance and sometimes divergence of the 

filter. 

The advantage the UKF is unscented transformation which can calculate the statistics of a 

random variable which undergoes a nonlinear transformation. With a set of carefully chosen 

sample points and their weight, UKF can capture the true mean and variance of the state variable 

when it goes through no-linear system. UKF algorithm has advantages compared to other 

estimators (Wang, 2006) (Wan, 2000) (Van Der Merwe R. &., 2001). It is easy to implement and 

has higher accuracy. Due to the unscented transformation, it considers at least second order Taylor 
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expansion. Also, sigma point sampling is an optimal sampling approach compared with the Monte 

Carlo random sampling method which used in other estimators. 

The particle filter has been used to track the various state vector such as damage of 

interconnection (Cadini, 2009), capacity degradation of battery (Saha B. &., 2009). The particle 

filter represents the probability distribution over the current value of each state variable using a 

discrete probability mass function. The discrete weighted samples of the probability density 

function are called particles, and the probability of each particle is denoted by its weight. In 

general, the particle filter is a sequential Monte Carlo technique (Doucet, 2001). The particle filter 

provides a general solution to the nonlinear filtering problem with arbitrarily accuracy (Saha B. 

K., 2011) (Jarrell, 2002) (Jiang, 2009). The reason why particle filter is picked is that a lot of 

methods, like Kalman filters, try to make problems more tractable by using a simplified version of 

the complex model. However sometimes a simplified model just isnôt good enough.  Particle 

filters, which let you use the full, complex model, rather than an approximate solution instead.  

The approximation of particle filter may be made as good as necessary by choosing the number of 

samples to be large enough: as the number of sample tends to infinity, this becomes an exact 

equivalent to the functional form. These random samples are the particles that propagate according 

to the dynamics and measurement function of the dynamic system. The algorithm of the particle 

filter is very simple. However, the calculation process can be computationally expensive with the 

increasing of particles. The advent of cheap, powerful computers over the last ten years has been 

key to the popular wide spread of particle filters. 
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3. EXPERIMENTAL SETUP AND MEASUREMENTS 

This chapter will describe the test vehicles that used in this dissertation, the ALT conditions 

that are used to accelerate the lifetime test and the test standards that been followed during the 

measurements. Also, derivation of the math used to process the raw collected data into meaningful 

results is described in details.  

3.1. TEST VEHICLES  

During the experiments, there were three kinds of high power phosphor converted LED 

packages were used. Each package had different package structures and size. Different white color 

temperature LED packages were included for each package structure.  All the LED package used 

in the experiments are commercial available in the market. The Characteristics of XR-C LED is 

shown in Table 3 (CREE, 2007-2013). The model of the first sample is XR-C from CREE 

Company. 

Table 3: Characteristics of XR-C LED (CREE, 2007-2013) 

Characteristics Unit  Typical Value Maximum Value 

Thermal resistance, junction to solder  °C/W 12  

Viewing angle  Degree 90  

Temperature coefficient of voltage mV/°C -4  

DC forward current  mA  500 

Forward voltage (@ 350 mA) V 3.5 4.0 

Forward voltage (@ 700 mA)  V 3.7 4.0 

LED junction temperature °C  150 



131 

This high-power LED package is available in various color such as white (2600 K to 10,000 

K CCT), royal blue, blue, green, amber, redΆorange and red. It has high performance and quality 

of light to a wide range of lighting applications, including color-changing, portable and personal, 

outdoor, indoor, transportation, stage and studio, commercial and emergency-vehicle lighting. 

Figure 61 shows the appearance of the XR-C LED package.  

 

Figure 61: Package configuration of XR-C LED. (CREE, 2007-2013) 

This LED package is a typical optical electrical package. It not only has the electrical 

connections parts, but also has the optical components which helps to extract the light from the 

package. The whole package is consisted of substrate, reflector, lens, solder pad and die. The die 

is fixed behind the lens with encapsulation. XR-C LED is a phosphor converted LED. The emitter 

is a blue semiconductor devices. The partial light of monochromatic emitting LED is used to excite 

one or several phosphors. The combination of residue light and the excited light will form the 

white spectrum.  Figure 62 shows the white spectrum of XR-C LED with different color 

temperature (CREE, 2007-2013). Figure 63 (CREE, 2007-2013) shows the light spatial 

distribution of XR-C LED package. The light spatial distribution is mainly affected by the optical 
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component of the package. Therefore, different color LED has almost identical light spatial 

distribution.  

 

Figure 62: White Spectrum of XR-C LED package. (CREE, 2007-2013) 

 

Figure 63: Light Spatical Distribution of XR-C LED Package. (CREE, 2007-2013) 

XR-C LED package has lateral structure which requires two wire bonds to connect the die 

with the outside solder pad. To prevent damage of wire bonds from the mechanical vibration or 
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shock stress, the whole package was encapsulated with silicone gel-like encapsulate.  Figure 64 

shows the appearance of XR-C LED package and die region.  

 

Figure 64: Phosphor converted XR-C white LED Package: Package on star board(left), Package 

only(Middle), Die region (Right). 

Each of the LED packages was pre-soldered on a star board. They can be powered up 

through the solder pads that connects the electrode inside the package. The star boards can be 

directly fixed on the aluminum heat sink with screws which will greatly simplify the measurement 

process.  

The second package used in the experiment is XP-G high power LED package. It delivers 

unprecedented levels of light output and efficacy for a single die LED. XP-G LED packages are 

the ideal choice for lighting applications where high light output and maximum efficacy are 

required, such as LED light bulbs, outdoor lighting, portable lighting, indoor lighting and solar-

powered lighting. Due to the innovative design, the XP-G LED package can take much high 

current compared with XR-C LED. The characteristics of XP-G LEDs is shown in Table 4 (CREE, 

2009-2012):  
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Table 4: Electrical and Thermal Characteristics of XP-G LED Package (CREE, 2009-2012) 

Characteristics Unit  Typical Value Maximum Value 

Thermal resistance, junction to solder  °C/W 4  

Viewing angle  Degree 125  

Temperature coefficient of voltage mV/°C -2.1  

DC forward current  mA  1500 

Forward voltage (@ 350 mA) V 2.9 3.75 

Forward voltage (@ 700 mA)  V 3.05  

Forward voltage (@ 1500 mA)  V 3.25  

LED junction temperature °C  150 

Compared with XR-C LED package, XP-G LED package has less thermal resistance which 

can greatly reduce the junction temperature inside the package with the same heat sink. Also, the 

permitted forward current is three times larger than XR-C LED. At the same forward current, the 

voltage is less than XR-C LED also. As a result, the luminous efficiency of XP-G package is much 

higher than XR-C package.  XP-G LED is also a phosphor converted white LED package. The 

phosphor binder layer is dispensed on the top of the blue light emitter. The XP-G LED package 

has different white temperature and color render index. Typical CRI for cool white (5000 K - 8300 

K CCT) is 70. Typical CRI for Neutral White (3,700 K - 5,300 K CCT) is 75. Typical CRI for 

Warm White (2,600 K - 3,700 K CCT) is 80. The CRI of warm white LED is higher than LED 

packages of higher CCT value. Figure 65 (CREE, 2009-2012) shows the dimension of XP-G LED 

package. Figure 66 (CREE, 2009-2012) shows the radiant spectrum of XP-G LED package with 

different color temperature.  
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Figure 65: Mechanical Dimension of XP-G LED package. (CREE, 2009-2012) 

 

Figure 66: Radiant spectrum of XP-G LED with different color temperature. (CREE, 2009-2012) 

The light spatial distribution of XP-G LED package is Lambertian emission pattern. The 

light intensity of the package in air follows a cosine dependence on the angle. The intensity is the 

highest for the emission normal to the semiconductor surface. At the angle of 60°C, the intensity 

decreases to half of its maximum value. The emission pattern of XP-G LED package is shown in 

Figure 67 (CREE, 2009-2012): 
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Figure 67: Light emission pattern of XP-G LED package. (CREE, 2009-2012) 

XP-G LED is a thin film package which means the real functional die is only 4-5ɛm thick, 

because the original epitaxial growth substrate is removed by laser lift-off process.  XP-G LED 

package structure is vertical compared with XR-C LED package whose structure is lateral.. 

Usually the epitaxial layer has three parts. The bottom layer is n-type GaN. On the top of n-type 

GaN, multiple layer of quantum well (MQW) active region was built. P-type GaN was on the top 

of the epitaxial layer. After the growth of the epitaxial layer, a high reflective metal contact was 

deposited on the p-side of the wafer as p contact by electron-beam evaporation. After that, the p 

side was bonded to an intermediate conductive substrate. Laser assisted lift off help to remove the 

sapphire substrate and expose the n-type GaN surface. Now, the epitaxial layer is totally upside 

down with n-type GaN of the top. Wire bond and patterned metallic n contact was added to connect 

the chip with the substrate. Figure 68 shows the diagram of the XP-G LED package.  
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Figure 68: XP-G LED package structure. 

The last LED package used in the experiment is XT-E LED package.  It is the latest package 

structure in the market. XT-E White sets the new standard for high performance and dramatically 

lowers system cost. It offers high performance and quality of light to a wide range of lighting 

applications, including remotephosphor, colorchanging, portable and personal, outdoor, 

indoor directional, transportation, stage and studio, commercial and emergencyvehicle lighting. 

XT-E white LED package is a phosphor convert LED also. By changing the phosphor thickness 

and density of phosphor particles. Various white color temperature could be obtained. It is 

available in high CRI warm white color and the cool white efficiency is up to 148lm/W at 85°C, 

350mA. The characteristics of XTE LEDs is shown in Table 5 (CREE, 2011-2016):  

Table 5: Electrical and optical characteristics of XTE LED (CREE, 2011-2016) 

Characteristics Unit  Typical Value Maximum Value 

Thermal resistance, junction to solder  °C/W 5  
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Viewing angle  Degree 115  

Temperature coefficient of voltage mV/°C -2.5  

DC forward current  mA  1500 

Forward voltage (@ 350 mA) V 2.85 3.4 

LED junction temperature °C  150 

Figure 69: Spectrial distribution of XTE LED package shows the radiant spectrum of XTE 

LED package with different whole color temperature.  

 

Figure 69: Spectrial distribution of XTE LED package. (CREE, 2011-2016) 

XT-E is thin film flip chip (TFFC) package. The TFFC process involves removal of the 

substrate and roughening of the chip's light-emitting surface to improve light output efficiency.  

TFFC design is optically and thermally superior to the vertical thin film and lateral structure. The 

most difference between XT-E and other LED package is that XT-E doesnôt have wire bons. The 

flip chip structure uses solder bump rather than wire bond to connect the die with the substrate. 
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Figure 70 (CREE, 2011-2016) shows the size of XT-E LED package and Figure 71 shows the 

appearance of XTE LED package and the die region.  

 

Figure 70: Dimensions of XTE LED package. (CREE, 2011-2016) 

 

Figure 71: Appearance of XTE LED package. Package and star board (Left), LED 

package(Middle), Die region (right). (CREE, 2011-2016) 

The light spatial distribution of XTE LED package is also Lambertian emission pattern. 

The light intensity of the package in air follows a cosine dependence on the angle. The intensity is 

the highest for the emission normal to the semiconductor surface. At the angle of 60°C, the 

intensity decreases to half of its maximum value. The emission pattern of XP-G LED package is 

shown in Figure 72 (CREE, 2011-2016): 
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Figure 72: Light spatial distribution of XTE LED. (CREE, 2011-2016) 

3.2. TEST CONDITIONS  

ALT has been adopted to accelerate the degradation process of LED packages in order to 

accumulate the degradation data for the modeling of lifetime prediction. Also, ALT can capture 

the failure modes and mechanisms much quicker than normal operational conditions.  

3.2.1. H IGH TEMPERATURE STORAGE L IFE TEST (HTSL)  

The IES LM-80-08 (LM80) (IES, 2008b) is a LED lumen maintenance test method that 

developed by Illuminating Engineering Society of North America (IESNA). It provides methods 

of the measurement of lumen maintenance of LED package, arrays and modules. This standard 

methodology would allow customers to evaluate and compare the lumen maintenance of LED 

components from different companies. Lumen maintenance is the luminous flux remaining output 

(typically expressed as a percentage of the initial output) at any elapsed operating time. LM80 

requires the testing of LEDs operating at a minimum of three case temperatures (55°C, 85°C and 

a case temperature selected by the manufacturer), with the same electrical drive current.  
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During the thermal life test, LED packages were placed in a temperature controlled thermal 

chamber (55°C, 85°C and third temperature) and powered up with external constant current driver 

sources.  At each readout time, LED packages were taken out of the thermal chamber to cool to 

room temperature for both colorimetric and photometric measurement. Figure 73 shows the HTSL 

test condition for this dissertation.  

 

Figure 73: HTSL Test Conditions. 

Per the LM80, the case temperature and drive current selected by the manufacturers should 

represent their expectation for customerôs applications and should be within the recommended 

operating temperature range. In this dissertation, the forward current is selected as 350mA and the 

highest case temperature is 125°C which is very common to see in the automobile industry. During 

the test, the ambient temperatures is controlled to ±2°C during life testing by a THERMOTRON 

thermal environmental chamber. Humidity inside the chamber is maintained less than 65% RH 
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throughout the life test. LM 80 test requires the test duration of at least 6000 hours with data 

collection at a minimum of every 1000 hours. In this dissertation, the data was collected every two 

weeks which is 336 hours which is in the range of requirement. At each readout time, the LEDs 

are taken out of the thermal chamber to cool to room temperature for photometric measurement. 

Then LED packages were put back inside the thermal chamber for further life test. Figure 74 shows 

the thermal chamber and Figure 75 shows the LED packages during the HTSL test.  

 

Figure 74: Thrmal Environmental Chamber used in the HTSL. 

 

Figure 75: LED packages under HTSL Test. 
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LM 80 test standard is the base of LM-84 test method which measures the luminous flux 

and color maintenance of LED lamps, light engines and luminaires. The LM 80 test standard 

requires that the measurement process should follows LM-79-08 electrical and photometric 

measurement of solid state light products.   

3.2.2. WET H IGH TEMPERATURE OPERATING L IFE TEST (WHTOL)   

In the LM-80 test, only temperature is involved and relative humidity effect are not 

considered. In LED-based luminaire applications, some are operated in the harsh environment. 

During the operation, the LED package not only experiences the high bias current and ambient 

temperature, but also the humidity around the package, especially for the road lighting and 

automobile lighting.   

 

Figure 76: WHTOL Test conditions. 

 

Proper design of LED products for different environment requires the understanding of the 

various effects on LED package from thermal stress and humidity (Chou, 2012). In this 
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dissertation, a steady-state temperature-humidity life test with an applied electrical bias was 

performed to investigate the reliability of the high-power phosphor converted white LED in a 

humid environment. This ALT test environment consisted of several different temperature and 

humidity combination in order to investigate humidity related failure mechanisms of the high-

power phosphor converted white LED packages. Figure 76 shows the test conditions for WHTOL 

test.  

During the experiment, a temperature and humidity environmental chamber was used to 

accelerate the life test of the LED packages. LED packages were placed in the temperature and 

humidity controlled chamber (85°C/85%, 75°C/75% and 65°C/90%). LED packages were biased 

in series with a constant current power source.  At the same time, test samples were electrically 

power biased on and off at an interval of one hour in the environmental chamber. At each readout 

time, LED packages were taken out of the thermal and humidity chamber to cool to room 

temperature for photometric measurement. Then LED packages were put back inside the thermal 

and humidity chamber for further life test. Figure 77 shows the temperature and humidity chamber 

and Figure 78 shows the LED packages powered up inside the chamber.  

 

Figure 77: Temperature and Humidity Chamber used in WHTOL Test. 
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Figure 78: LED packages powered up inside the Temperature and Humidity Chamber. 

3.3. MEASUREMENT  

At each readout time, LED modules were taken out of the chamber and cooled down to 

room temperature first. In each measurement, LED packages were mounted on a fin heat sink 

which helps lower the junction temperature during the test in the integrating sphere. At the same 

time, the LED packages were powered up with the power cord inside the integrated sphere and the 

forward current is 350mA. The maximum forward current of the tested LED packages range from 

500-15000mA and the performed current is among the functional range according to the datasheet.  

3.3.1. PHOTOMETRIC PROPERTIES 

The basic photometric quantities include luminous flux, luminous intensity, etc. 

Spectroradiometry is the basic method of radiometry to measure the spectral concentration of the 

given light source.  Then the desired photometric quantity such as luminous flux can be calculated.  

The measurement can be made by a photometer that can be rotated around a lamp. Such an 

assembly is called a goniophotometer. There are many different designs of goniophotometer that 

can sampling the points of measurements (Walsh, 1958, Krochmann and Marx, 1969, Jones and 

Berry, 1970, Brown, 1979) (DeCusatis, 1997). Goniophotometers are usually large instruments, 

due to its working principle. Another method to measure the radiometric properties of lamp is 
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called integrated sphere. If a source in placed inside a hollow sphere collated internally with perfect 

diffusing material, the illuminance on any part of the surface due to the light reflection is the same 

and proportional to the luminous flux emitted by the measured light sources: 
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Where E is the illuminance which is defined as the total luminous flux received per unit 

area of sphere wall due to reflection and multiple reflection. P is total luminous flux emitted by 

the light source inside the sphere. r is the radius of the sphere and ɟ is the reflectance of the sphere 

wall. 

The radiometric properties measurement in this dissertation was performed by utilizing 

integrated sphere and spectroradiometer. Figure 79 shows the integrated sphere, spectroradiometer 

and connectors of LED package.  

 

Figure 79: Integrated Sphere Measurement System. 

Integrating sphere system has advantage of easy operation and quick measurement. Air 

movement is minimized and the temperature inside the sphere is not subject to the ambient 

temperature outside of the sphere. Spectroradiometry is utilized to measure the absolute radiant 
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flux of the LED packages at each wavelength, from which luminous flux, radiant power, correlated 

color temperature, chromaticity coordinates in the CIE chromaticity diagram can be calculated.  

LM-79-08 ñElectrical and Photometric Measurement of Solid State Light Productò (IES, 

2008a) has been used as the guideline during the experiment. This approved method gives a 

detailed description of procedures and precautions to be followed in performing reproducible 

measurement of absolute radiant flux which can be used to calculate the luminous flux. Also, 

photometric properties like chromaticity coordinates, color temperature and color shift distance 

are recoded as well at each readout time. During the measurement, certain conditions must be 

satisfied, especially the ambient test temperature, because photometric values and electric 

characteristics of LED product are all sensitive to temperature and air movement. According to the 

test standard, the ambient temperature during the test should be maintained at 25°C±1°C, measured 

at a point less than1m from the LED module. The forward current applied to the test LED should 

be regulated to within ±2percent of the specified value.  Before the test, the LED modules should 

be running long enough to reach luminous output and thermal stabilization. 

 

Figure 80: Measured Spectral Radiant Flux. 
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The integrating sphere uses what is called 4ˊ geometry for SSL devices that emit light 

omnidirectional or forward directional by utilizing the entire surface of the integrating sphere. The 

IES LM-79-08 (IES, 2008a) (Wyszecki, 1982) standard states that the total spectral radiant flux, 

ʌtest (ɚ) [W/nm], of an SSL product under test can be obtained by comparing it to a known 

reference or calibration standardôs. Therefore, before the test, the instrument (integrating sphere 

plus spectroradiometer) must be calibrated against a reference standard calibrated for total spectral 

radiant flux (IES, 2008a). Since the integrating sphere is included in this calibration, the spectral 

throughput of the sphere need not be known. The total spectral radiant flux ʌTEST (ɚ) of the light 

emitting diode under test is obtained by comparison to that of a reference standard ʌREF (ɚ). The 

calculation of the absolute radiant flux ʌTEST (ɚ) is given:  
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Where yTEST (ɚ) and yREF (ɚ) are the spectroradiometer reading for the LED packages under 

test and for the standard reference lamp, respectively (IES, 2008a). Figure 80 shows a 

measurement of absolute radiant flux.  

In the calculation, the self-absorption correction shall be considered. Self-absorption is the 

effect, in which the response of the sphere system changes due to the absorption of light by the 

lamp itself in the sphere. Errors can occur if the size and shape of the test light source are different 

from those of the standard light source. The self-absorption correction is critical, since the physical 

size and shape of the LED packages under test are typically very different from the standard 

reference lamp in size and shape. The self-absorption can be found through a comparison of an 

auxiliary lamp. The self-absorption factor is given by: 
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Where yaux,TEST (ɚ) and yaux,REF (ɚ) are the spectroradiometer reading for the auxiliary lamp 

when the LED packages in the integrated sphere and for auxiliary lamp when the standard 

reference lamp in the integrated sphere, and Ŭ(ɚ) is the self-absorption factor measured using an 

auxiliary lamp as described in LM-79 (IES, 2008a). Please note that both the LED packages and 

standard reference lamp should be turned off during the measurement of auxiliary lamp. Figure 81 

shows a sample of absorption factor:  

The correlated absolute radiant flux of LED package with self-absorption factor can be 

calculated by multiplying the measured absolute radiant flux with self-absorption correction factor: 
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Figure 81: Absorption Factor of LED packages. 

3.4. LUMINOUS FLUX  

The luminous efficiency function describes the average spectral sensitivity of human visual 

perception of brightness. It is based on subjective judgments of which of a pair of different-colored 

lights is brighter, to describe relative sensitivity to light of different wavelengths. The CIE 



150 

luminous efficiency function is a standard function established by the CIE and can be used to 

convert radiant energy into visible luminous energy.  

The total luminous flux (Lm) of the LED packages can then be calculated by the 

multiplying the measured absolute radiant flux with the wavelength dependent luminous efficiency 

function (Eye sensitivity function) V(ɚ).  Then, this wavelength dependent vector is integrated 

over the visible spectrum range (380nm- 780nm) to get the energy. At last, the result will be scaled 

by Km (683 lm/W) which is the maximum spectral luminous efficacy. The total luminous flux can 

be calculated by (DeCusatis, 1997) (IES, 2008b) (Wyszecki, 1982): 
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3.5. RADIANT POWER 

Radiant power is the amount of power (light) emitted from a source irrelevant of the 

direction it is emitted, expressed in Watt (W). Applied to the LED packages, it is known as spectral 

power and defines the total amount of power in Watts emitted for each wavelength in each 

direction. The radiant power of LED package can be calculated by the integration of the absolute 

radiant flux over the visible spectrum range (380nm- 780nm). The calculation is given:  
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Wall-plug efficiency of LED package is the ratio of the radiant power (the total optical 

output power of the LED package, measured in watts) and the electrical input power which is the 

product of forward current and forward voltage. 
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The efficiency of a LED package can be measured in a simplified version (lumens per 

watt). This method calculates how many lumens can be generated in 1 watt energy. The more 

lumens per watt, the better the light source in terms of energy efficiency. 
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3.5.1. COLORIMETRICAL  PROPERTIES 

The quantification of color is referred to the science of color (colorimetric). It is the science 

that is used to describe and quantify the perception of light by the human eye in term of color 

(Schanda, 2007). Therefore, it associates with the vision of human eyes very closely. The human 

sense of vision is very different from the human sense of hearing. Mixing two monochromatic 

color will appear to one color for human vision. Humans are unable to recognize the dichromatic 

color of that color.  

3.6. TRISTRIMULUS VALUES 

Light creates different levels of excitation of the red, green, and blue cones in the eye. 

Human has slightly different sensation of color by a particular color source. For this reason, the 

International Commission for Illumination (Commission Internationale delôEclairage, CIE) has 

standardize the measurement of color by means of color matching functions (Wyszecki, 1982) 

(CIE, 2004a). 

The color matching function is obtained by experiment. A visible monochromatic color is 

matched by the mixing of three colors (red, blue and green). A human subject makes these two 

colors to appear the same by adjusting the relative intensity of the red, blue and green light. Then, 

the color matching function could be obtained through the matching process across the whole 

visible spectrum. The color matching functions reflect the fact that human vision process color in 
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a way of trichromacy. The color of any light source could be a combination of three colors which 

are red, blue and green. The red color match function is represented as Ø(ɚ). The green color match 

function is represented as Ù(ɚ). The blue color match function is represented as Ú(ɚ). Also, the 

color match function of green is the same with eye sensitivity equation of human V(ɚ). When 

judging the relative brightness of different colors of equal power, humans tend to perceive light 

within the green parts of the spectrum as brighter than red or blue light. CIE has two specifications 

for a standard observer: the original 1931 specification and a revised 1964 specification. In both 

cases the standard observer is a composite made from small groups of individuals (about 15-20) 

and is representative of normal human color vision. Figure 82 (Wyszecki, 1982) shows the color 

match function of these two versions.  

 

Figure 82: 1931 and 1964 Color Match Function. (CIE, 1924) (Wyszecki, 1982) 

For a given light source, the tristimulus values can be calculated with the absolute radiant 

flux, reflectance spectrum and color match function. The calculated tristimulus values are the 

intensity of the three-color required to match the color of the tested LED package. (Schubert, 2006) 

(CREE, 2013) (CIE, 2004a) (Schanda, 2007) (Westland, 2004) (Wyszecki, 1982) (CIE, 2004b) 
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(CIE, 1995). The CIE 1931 tristimulus values are called X, Y, and Z. CIE XYZ tristimulus values 

can be calculated by the integration of the product of the absolute radiant flux ū(ɚ) with the 

standard observer functions Ø, Ù, Ú . The integration is approximated by summation, thus: 
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Figure 83: CIE Illumination Spectral power distribution. (CIE, 1931) (Wyszecki, 1982) 

 The normalizing factor k is introduced such that Y = 100 for a sample that reflects 100% 

at all wavelengths: recall that Y is proportional to the luminance of the stimulus. The introduction 

of this normalization is convenient since it means that relative, rather than absolute. In this 

equation, E (ɚ) is the relative spectral power distribution of a CIE standard illuminant whose 
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spectral power distribution is published. Figure 83 shows the spectral power distribution of 

illuminant A and D65 (CIE, 1995). 

During the calculation of tristimulus values, the CIE standard illuminant A was used. 

Standard illuminants provide a basis for comparing images or colors recorded under different 

lighting. Illuminants A, B, and C were introduced in 1931, with the intention of respectively 

representing average incandescent light, direct sunlight, and average daylight. Illuminants D 

represent phases of daylight, Illuminant E is the equal-energy illuminant, while Illuminants F 

represent fluorescent lamps of various composition. Once the tristimulus values are calculated out, 

color coordinates and correlated color temperature can be obtained to describe the colormetric 

properties of LED packages (Schanda, 2007) (Westland, 2004) (Wyszecki, 1982). 

3.7. COLOR SPACE 

 

Figure 84: CIE XYZ Color Space. (Wyszecki, 1982) 

 The three-dimensional color space CIE XYZ is the basis for all color management 

systems. This color space contains all perceivable colors - the human gamut. Many of them cannot 

https://en.wikipedia.org/wiki/Spectral_power_distribution
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be shown on monitors or printed whose gamut is smaller than the human gamut (Wyszecki, 1982). 

Figure 84 shows the 3D chromaticity diagram. 

 

Figure 85: 1931 Chromaticity Diagram with the Planckian locus and isothermal lines. 

CIE XYZ is based on a direct graph of the signals from each of the three types of color 

sensors in the human eye. These are also referred to as the X, Y and Z tristimulus values. The CIE 

XYZ tristimulus values are assigned to the red, green and blue curves respectively. XYZ is 

typically used to report the spectral response of a sample measured by a colorimeter or a 

spectrophotometer. However, CIE XYZ system is not so useful for humans to describe color, 

because irregular 3D volume shape is very difficult to understand. It would be much easier if the 

3D color system can be transferred into a 2D color space. Figure 85 shows the 1931 chromaticity 

diagram. 

This transformation process can be done by normalizing X, Y, Z with the total light 

intensity (X+Y+Z). 
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Since x+y+z=1, all color can be represented in a plane consisted of x and y axis. Each pair 

of (x, y) coordinate represent a unique color in the 3D X Y Z color space. This transformation 

transfer the 3D color space into a 2 D color space which is much easier to interpret. The CIE 1931 

chromaticity diagram can be used to map a device's color gamut showing the range of colors that 

can be reproduced against the visible spectrum. Therefore, it can be used to compare different 

devices.  

 

Figure 86: CIE 1976 chromaticity diagram. 

Plotting x and y out will give the 1931CIE chromaticity diagram. However, this 

representation allocates too much area to the greens confining most of the apparent color variation 

to a small area.  The CIE 1976 chromaticity diagram is the transformation of CIE 1931 

chromaticity diagram. After the transformation, the color is much more uniformly distributed. 

Figure 86 shows the CIE 1976 chromaticity diagram.  
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In the 1976 the color space is defined by a pair of coordinates (uô, vô) which can be 

calculated from both tristimulus values (X Y Z) and 1931 (x, y): 
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The CIE 1976 chromaticity diagram is mostly used to calculate correlated color 

temperature, where the isothermal lines are perpendicular to the Planckian locus. All these color 

space contain the same color information. They are just scaled differently. The big advantage 

attributed to the 1976 diagram is that the distance between points on the diagram is approximately 

proportional to the perceived color difference since color in the diagram is much more evenly 

distributed.  

3.8. COLOR SHIFT DISTANCE  

 

Figure 87: Color shift distance in 1976 Chromaticidy Diagram. 

Similar to the 3-D color space, the color difference in 2-D space can be determined using 

the Euclidean distance between the initial, pristine value and the one obtained at each sampling 

http://everything.explained.today/Planckian_locus/
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period. The 2D color shift distance usually calculated under 1976 CIE chromaticity diagram. Color 

shift distance calculation is given as:  
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Where ui and vi are the measurement of period I and u0 and v0 are the initial color 

coordinates in the 1976 chromaticity diagram. Figure 87 illustrates the calculation process of the 

Euclidean distance.  

 

Figure 88: ANSI tolerance for CFL and SSL. 

In CIE (International Commission on illumination) 1976 uô vô chromaticity space, each 

LED color was represented by unique uô, vô coordinates. The American National Standard (ANSI) 

[19] defines the specifications for the chromaticity of solid state lighting products. It specifies the 

range of the chromaticity recommended for general lighting with SSL products. The existing 

chromaticity standard (ANSI C78.376) for compact fluorescent lamps (CFL) is based on six 

nominal correlated color temperatures. For SSL products, quadrangles are used for the 

chromaticity criteria. If the color coordinates shift out of the designated quadrangle, the color 
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change is visible for human.  Figure 88 shows the ANSI tolerance for CFL and SSL in 1976 

chromaticity diagram. 

3.9. CORRELATED COLOR TEMPERATURE  

White light usually has a broad spectrum extending over the entire human visible range. A 

reference spectrum of white light is the sun light. However, the sunôs light changes with time, 

weather and other reasons. It is desirable to define an independent standard for white light. 

 

Figure 89: Spectrum of black body with different temperatures. (Wikipedia, 2006) 

 The Planckian black-body radiant spectrum is used as the standard.  The black-body 

spectrum only depends on the temperature of the body. The black-body spectrum is calculated by 

Max Plank and is given:  
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Where T is the temperature of the black body, c is the speed of light (2.998 x 108 m/s), h is 

the Planck constant (6.626 x 10-34 J·s), k is the Boltzmann constant (1.381 x 10-23 J/K) and ɚ is 
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wavelength. The black body Planckian spectrum of different temperature is shown in Figure 

89.The peak wavelength of radiation from a black body at temperature T is given by Wienôs law: 
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At low temperature, most of the spectrum is located at the infrared region. As the 

temperature increases, the maximum of radiant shifts to the visible spectrum region. The 

Tristimulus values of the black body radiant at temperature of T can be calculated as: 
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With the temperature dependent Tristimulus values, the temperature dependent color 

coordinates in the 1976 chromaticity diagram can be calculated as:  
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The temperature dependent uôvô values in the 1976 Chromaticity diagram are called the 

Planckian locus or black body locus. This locus depicts the color of a black body would take in a 

particular chromaticity space as the blackbody temperature changes. For a tested light source, the 

color coordinates (uôx , vôx) could be calculated following the procures above. The correlated color 

temperature can be found by the interpolation between the two closest iso-temperature lines. 

Figure 90 shows the Planckian locus in the 1976 chromaticity diagram. 
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Figure 90: Planckian locus(Red line) in the 1976 chromaticity diagram. 

The color coordinates of the black body radiation with various color temperature are given 

in the following Table 6 (Ohno, 2014) (Hernandez-Andres, 1999) (Hsieh, 2012). 

Table 6: Color Distance between Tested Source and Black Body Radiation (Ohno, 2014) 

Temperature(K) (i) u (̀i) v`(i) Distance (i) Sample i 

1000.00 0.448011 0.354625 0.230361 1 

1010.00 0.445681 0.354826 0.228073 2 

1020.10 0.443353 0.355026 0.225787 3 

: : : :  

4404.38 0.218633 0.329547 0.002536 m-1 

4448.42 0.218016 0.329042 0.002328 m 

4492.91 0.217407 0.328537 0.002377 m+1 

: : :   

19, 592.54 0.183990 0.277410 0.060959 300 
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19, 788.47 0.183939 0.277254 0.061115 301 

19, 986.35 0.183888 0.277100 0.061270 302 

 

Figure 91: Location of the Corrleated Color Temperature on the Planckian locus. (Ohno, 2014) 

 CCT calculation starts with a minimum-search for the temperature that gives the smallest 

color difference between the tested light source and the black body radiation. In this example 

sample m has the nearest distance with the tested light source. Then a triangle could be plotted 

with the coordinates of the m-1 sample, m+1 sample and the color coordinate of the tested light 

source. Figure 91 (Ohno, 2014) shows the constructed triangular.  

The Planckian locus could be assumed a line between Tm-1 and Tm+1. Draw a vertically line 

from (u x̀ , v x̀) to the Planckian locus. The intersection Tm is the closest point to the light source 

(u`x , v x̀) and is the CCT value to be obtained. Detailed calculation could be illustrated with Figure 

92 (Ohno, 2014): 
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Figure 92: Triangular principle of CCT Calculation. (Ohno, 2014) 

The CCT of the test lamp could be calculated as:  
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Where x and L can be calculated as: 
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There are three kinds of white based on the correlated color temperature (CCT) of their 

light spectrum. CCT of 2700-3000 K (kelvin) are defined as the warm white, a yellowish type of 

white. CCT of 3500-4000k are described as neutral white and above are defined as cool white 

(blueish white). Color temperature and chromaticity space coordinates are important aspects of 

light. LED degradation not only results in the decrease of luminous flux output, but also may 

produce significant color shift which can contribute a failure in critical applications. It is thus 

necessary to maintain both the luminous flux output and color in acceptable error bound 
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3.10. COLOR RENDER INDEX (CRI)  

Color rendering effects of a light source is defined as the effect of an illuminant on the 

color appearance of objects compared with their color appearance under a reference illuminant 

(CIE 1974). In this context, the CRI of a lighting source is defined as the measurement of the 

degree to which the perceived color of objects illuminated by the tested light source compare to a 

reference illuminant. The CRI of a light source does not indicate the apparent color of the light 

source. It is understood to be a measure of how well light sources render the colors of objects, 

materials compared with standard illuminant. Therefore, there must be agree on the standard light 

source with which to the test lights are compare.  The choice of the standard source with which to 

compare the tested light source should be able to reflect the objectsô original color perception. The 

perceived color of an object in the standard source should be the same with the color it is usually 

observed. In most practical case, the standard source is the natural day light.  

The CIE 1974 has recommended the method to specify the color rendering properties of a 

light source. The CIE color render index is based on a color shift method, because it evaluates the 

average colorimetric shift in a color space. The CRI is calculated by comparing the color rendering 

of the test source to that of a standard illumination source. The reference illuminant source is 

different for different light source. If the CCT value of light source is below 5000K, the reference 

illumination source should be Planckian radiator. The reference illumination should be the same 

or nearly the same chromaticity as the light source to be tested.  

CRI is measured only with respect to a reference source which is either the blackbody curve 

below 5000K or a CIE Daylight source above 5000K. The reference must be the closest in 

chromaticity (color) to the source being tested. Otherwise the comparison makes little sense. 

Comparing the CRI of two very different color temperature sources is meaningless but in general, 
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higher CRI mean less deviation from the reference source. For the calculating of CRI, a set of 

specific colors is used to measure the color difference between a reference source and the source 

under test in the interest of international standard. This is termed the General Color Rendering Test 

and represents a calculation using color sample numbers R1 through R14. A 15th color sample is 

defined by the Japanese Industrial Standard JIS-Z872 that pertains to Japanese complexion under 

daylight conditions. Their approximate Munsell notations and color appearance under day light is 

given in Table 7 (CIE, 1995) (Schanda, 2007) (Zukauskas, 2002): 

Table 7: Standard CIE Test Color Samples (CIE, 1995) 

Standard Test Color NO.  Approximate Munsell Notation  

1 7.5R 6/4 

2 5Y 6/4 

3 5GY 6/8 

4 2.5G 6/8 

5 10BG 6/4 

6 5PB 6/8 

7 2.5P 6/8 

8 10P 6/8 

9 4.5R 4/13 

10 5Y 8/10 

11 4.5G 5/8 

12 3PB 3/11 

13 5YR 8/4 

14 5GY 4/4 

15 1YR 6/4 

By convention, the Planckian black-body reference source is assumed to have a CRI of 

100, because natural daylight resembles a black-body radiation. Light source other than the 

standard illumination reference source will have a CRI lower than 100, because the reference 

illumination source has a CRI of 100. Emission of incandescent lamp follows the pattern of black 



166 

body radiation. Therefore, incandescent lamp has the highest CRI compared with fluorescent lamp 

or LED lamp.  

 

Figure 93: CIE Test color sample reflectivity. (CIE, 2004a) 

The general CRI is calculated based on the first 8 test color samples and is an average of 

the first 8 samples: 
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Where CRIi are the special CRIs for a set of eight test-color samples. The special color 

render index can be calculated by: 

*
*6.4100 ii ECRI D-=
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Where ȹEi
* is the quantitative color change of the test-color sample when it is illuminated 

with the reference illumination source and with the test light source. The CRI will have a value of 

100 if there is no difference in color appearance when illuminated by tested light source and 

standard illumination source. ȹEi
* plays an important role during the calculation of CRI. The 

quantitative value of ȹEi
* not only depends on the tested light source, but also has a strong 
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dependence of the picked standard illumination source. The 14 test color samples are defined in 

terms of their spectral reflectivity. The reflectivity curves of the international standard test colors 

are shown in Figure 93 (CIE, 2004a) (CIE, 2004b): 

There are several steps during the calculation of CRI. The first step is find the right 

reference illumination source. Generally, when the correlated color temperature of the test lamp is 

less than 5000K, the black body radiator with the same color temperature should be used as the 

reference illumination source. In this case the color change of ȹEi
* which is the difference in 

appearance of a test color when illuminated by the test lamp and the reference lamp, can be 

calculated as:  
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Where X, Y and Z are tristimulus value. If they are the tristimulus values of the reference 

source spectrum, they will be calculated with spectrum of reference illumination source S(ɚ) that 

reflected from the test color sample TCi (ɚ). If they are the tristimulus values of the tested light 

source, they will be calculated with the spectrum of the tested light ū(ɚ) source that reflected from 

the test color sample TCi (ɚ).  The tristimulus values of the reference illumination source and tested 

light source can be calculated as:  



168 

100*

*)(*)(

*)(*)(

780

380

780

380

lll

lll

dyS

dxS

X ref

ñ

ñ
=

 

(119) 

100100*

*)(*)(

*)(*)(

780

380

780

380 ==

ñ

ñ

lll

lll

dyS

dyS

Yref

 

(120) 

100*

*)(*)(

*)(*)(

780

380

780

380

lll

lll

dyS

dzS

Z ref

ñ

ñ
=

 

(121) 

100*

*)(*)(

*)(*)(

780

380

780

380

lll

lll

dyS

dx

X test

ñ

ñF
=

 

(122) 

100*

*)(*)(

*)(*)(

780

380

780

380

lll

lll

dyS

dy

Ytest

ñ

ñF
=

 

(123) 

100*

*)(*)(

*)(*)(

780

380

780

380

lll

lll

dyS

dz

Ztest

ñ

ñF
=

 

(124) 

The tristimulus values for test color sample i (i= 1,2,3é15) illuminated by the reference 

illumination source can be calculated as:  
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The tristimulus values for test color sample i (i= 1,2,3é15) illuminated by the tested light 

source can be calculated as:  

100*

*)(*)(

*)(*)(*)(

)(
780

380

780

380

lll

llll

dyS

dxTC

TCiX

i

test

ñ

ñF
=

 

(128) 

100*

*)(*)(

*)(*)(*)(

)(
780

380

780

380

lll

llll

dyS

dxTC

TCiY

i

test

ñ

ñF
=

 

(129) 

100*

*)(*)(

*)(*)(*)(

)(
780

380

780

380

lll

llll

dyS

dxTC

TCiZ

i

test

ñ

ñF
=

 

(130) 

To get high CRI value, the tristimulus values of the tested lamp should be as close as the 

tristimulus values of the reference illumination source. The calculation of CRI shows that it not 

only account for the ability of a light source to render the chromaticity of a physical object, but 

also account for the ability of a test source to render the lightness of a physical object. However, 

when the CCT of a light source is high than 5000k, Planckian black body radiator canôt be used as 

the reference illumination source any more.  

When the light source chromaticity is far from the Planckian locus, the CRI should be very 

low according to the calculation above. However, in the real situation, colors can be vivid and 

natural even for illumination sources slight off the Planckian locus due to the chromatic adaption.  

Chromatic adaptation is the human visual systemôs ability to preserve the appearance of objectsô 

colors under different illuminations system. An object may be viewed under various conditions. 
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For example, it may be illuminated by daylight, the light of a fire, etc. In all of these situations, 

human vision perceives that the object has the same color: an apple always appears red, whether 

viewed at night or during the day. On the other hand, a camera with no adjustment for light may 

register the apple as having varying color. This feature of the human visual system is called 

chromatic adaptation, or color constancy. CIE 1995 introduced an alternative method to calculate 

the CRI in a more realistic way. This method considers the human ability of chromatic adaption 

by introducing the concept of adaptive color shift. The change in chromatic adaption caused an 

adaptive color shift for each test sample which can be estimated by making use of a Von Kries-

type linear transformation of the CIE tristimulus values.  

3.11. PEAK WAVELENGTH  

Spectrum data are the finger print of a tested light source. There are two peaks of the 

spectrum of phosphor converted LEDs. One peak is caused by the semiconductor blue emitter.  

The other peak is the emission spectrum of the phosphor. Monitoring the wavelength of these two 

peaks help to understand the degradation mechanisms of LED packages. If the peak wavelengths 

have no shift during the operation, the degradation is probably caused by the degradation of optical 

parts. However, if peak wavelengths shifted during the operation, it is for sure that some physical 

properties of the LED packages degraded. For example, yellow peak wavelength shift may mean 

the chemical property degradation of phosphor particles.  

3.12. PHOTON NUMBER  

The radiant energy of n photon at specific wavelength (ɚ) is given by the following 

equation:  
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Where Q is the photon energy in joules and h is the Planckôs constant (joules*second) 

which equal 6.626*10-34. c is the speed of light (meter / second) and equals 3*108.  If the total 

energy is known, the number of photon at a specific wavelength can be calculated as: 

l**10*03.5 15 F=n  (132) 

With the measured absolute radiant flux, the total number of photon emitted by LED at 

each readout time can be calculated with: 

ñ F=

800

350

15 ***10*03.5 ll drofPhotonsTotalNumbe

 

(133) 

3.13. VI  CURVE 

LED is a semiconductor device form from a p-n junction. When it is forward biased, it will 

pass current. The forward current and forward voltage is exponential relation in an active device 

such as an LED. Measuring the characteristics curve of the LED package helps to monitor the p-n 

junction inside the package.  During the accelerated life test, at each readout time, VI curve of the 

samples were taken.  The test result can be used to check if there is any material or electric 

degradation of the semiconductor device. In this dissertation, all VI curves were taken with a 

source meter. During the measurement, forward current was changed from 0mA to 700mA and 

forward voltage of LED packages were taken. Figure 94 shows a measurement of VI curve.  
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Figure 94: LED VI Curve Test Result. 
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4. EXPERIMENTAL RESULTS AND FAILURE MECHANISM 

ANALYSIS 

Development of failure distributions in absence of accelerated test methods presents a huge 

challenge to testing the life of LED systems. Life and reliability of the LED system may change 

with the change of the condition of operation. However, standardized accelerated life test methods 

for fast-turn testing of LED failure mechanisms are not available.  In this section, various 

accelerated life test conditions were performed on the high-power pc-LED packages. Test results 

are presented in three groups: WHTOL test without electrical bias, HTSL test with electrical bias 

and WHTOL test with electrical bias.  

4.1. WHTOL  TEST WITHOUT ELECTR ICAL BIAS  

A set of test samples of XRC from CREE Lighting were used for this experimental 

measurement. This unique package allows very precise failure analysis to be performed. The test 

samples feature electrically neutral thermal path, low thermal resistance (12°C/W) and support for 

a wide range of drive currents (maximum to 500 mA).  Usually in the LED driver, Flyback 

converter is used in DC/DC conversion with galvanic isolation between the input and outputs. The 

PWM control of the Flyback converter can be integrated in one chip with the high voltage 

MOSFET and only a few external components are required which allows a small profile in the 

Light emitting diode driver design. The test samples were mounted on the cold side of TE 

technology TE-2-(31-12)-1.0 Thermoelectric Module (Peltier Module). The hot side of this 

thermoelectric module was mounted on a heat sink. Test samples were subjected to 85°C 

temperature stress and 85% relative humidity in thermal and humidity chamber. The samples were 

not powered during temperature humidity testing.  Samples were taken out for forward voltage, 

forward current measurement and luminous flux measurement at regular times. When taking the 
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lumen measurement, the forward voltage is set to 2.3 V and the initial forward current is 135mA. 

The working condition for thermoelectric module is 2.5 Volts and the current is 550mA.   

During the VI curve measurement, forward voltage has been programmed to go up slowly 

at an interval of 0.01 V and forward voltage and forward current are recorded by Agilent 34970A 

data logger. The LED was powered by square wave pulse, in order to reduce the heat generated in 

the P-N junction. The Agilent 33220A function generator produces a small current square wave 

and this wave was amplified by TIP125 Epitaxial Darlington Transistor to give a big current square 

wave source which powers up the light emitting diode. Detailed test set up is given in Figure 95.   

 

Figure 95: PWM Setup. 

To monitor both forward voltage and forward current, a power resistor has been put in 

series with the LED. The second channel was deployed to monitor the voltage of power resistor 

and with the power resistance value. The forward current was calculated from these values.  Data 

logger deployment configuration is shown in Figure 96. In this experiment, three data channel 

need to be recorded automatically, forward voltage, forward current and reference point 
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temperature. An Agilent 34970A data acquisition system has been deployed to communicate with 

the CPU with a GPIB card. The data logger is used to monitor multiple signals over extended 

periods of time to identify irregularities.  Figure 97 shows the Labview virtual instrument used for 

data acquisition.  

 

Figure 96: Data Logger Set Up. 

 

Figure 97: LabVIEW program for the data acquisition. 
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A CPU has been used to record the data with aid of a LabVIEW program. A LabVIEW 

program has also been built to connect between the data logger and CPU. Another LabVIEW 

program has been built to control the programmable Agilent E3631A power supply. 

Modified PWM (pulse width modulation) has been used in this experiment to power the 

LEDs. PWM is a powerful way of controlling analog circuits and systems, using the digital outputs 

of microprocessors. PWM provides a way to control a digital signal, through the alteration of state 

and frequency. This modulation affects the magnitude, frequency and duty cycle of square wave 

pulse. By changing the magnitude of the square wave, the forward voltage can be changed. Figure 

98 gives an output example. 

 

Figure 98: Modified PWM Output. 

In this experimental set up, the output of power supply can be programmed to change 

according to certain path. The second parameter is the duty cycle, which can be changed by 

adjusting the duty cycle of the function generator. With these two parameters, this experimental 

set can give out any square wave the light emitting diode needs.  
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In this experiment, three parameters have been recorded for the further study of light 

emitting diode failure theory. The first pair was forward voltage and forward current. Test result 

was used to plot the IV curve. The third parameter is luminous flux of the LEDs, which can be 

correlated with the change of IV curve to identify onset of LED failure. Figure 99 shows the shift 

of IV curve with time. Notice how forward current changes at constant forward voltage. It changes 

prior to the traditional definition of failure of light emitting diode. The advance warning of failure 

validates the use of forward current as the leading indicator in the prognostics health management 

of light emitting diode. 

 

Figure 99: XRC RMS IV Curve for WHTOL test without bias. 

At the same time, luminous flux measurement has also been measured. The following table 

gives the test result for 1296 hours.  According to the IES LM-79 for the Electrical and Photometric 

Measurement of Solid ïState Lighting Product, luminous flux was test at the forward voltage at 

RMS 2.3 V and at the initial state forward current was RMS 126 mA.  The test condition is 
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consistent with usage, typically in range of 250mA peak value. The test reference temperature is 

22°C. The junction temperature is related to the dissipated power as follows:  

DRef-jRefj P*RTT q+=
 

(134) 

Where RẽJ-Ref is thermal resistance (°C/W) from LED P-N junction to a reference point 

(which can be air, heat sink, etc.). PD is power dissipation (W) can be calculated by LED forward 

current multiply by forward voltage. TRef can be measured with a thermocouple. From the XR_C 

specification, RẽJ-Ref is 15°C/W and the P-N junction temperature is approximately 25°C which 

qualify the test standard. Figure 100 shows the scheme diagram of the thermal resistances. 

 

Figure 100: Thermal Resistance set up at the initial state. 

In this experiment, 5-test samples have been used. Experimental data indicates that forward 

current can be used as the leading indicator in the prediction of remaining useful life of light 

emitting diode.  Figure 101, and Figure 102 show the change in current, and luminous flux for 

different samples tested. 
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Figure 101: Change of Luminous flux vs aging time at forward voltage 2.3 V RMS. 

 

Figure 102: Change of Forward Current vs aging time at 2.3 V RMS. 

Figure 103 and Figure 104 shows correlation of lumen degradation with change of 

resistance at 2.3 V RMS. 
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Figure 103: Correlation of forward current, luminous flux and resistance (Sample-1). 

 

Figure 104: Correlation of forward current, luminous flux and resistance (Sample-1). 

Figure 101 and Figure 102 show the degradation of luminous flux and forward current. The 

degradation indicates that they follow the same pattern and forward current can be used as the 

leading indicator of the LED package.   Figure 103 and Figure 104 test results indicate that, at 

constant forward voltage, forward current drops because of the increasing of resistance. The 
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increasing of resistance make the junction temperature higher and more energy will become heat 

rather than turning into photons. As a result, the luminous flux drops which can be proven by the 

test result in Figure 101. Figure 105 shows the measured radiant flux.  

 

Figure 105: Change of Radiant flux vs aging time. 

In Figure 105, there is an obvious drop of the radiant flux of the LED package. There are 

two peaks in the spectrum. The first pear around 450nm is caused by the emission of the LED chip. 

After the excitation of the phosphor, the excitation peak is around 560nm. With the combination 

of blue light and yellow light, the LED package give out white spectrum. 

4.2. HTSL  TEST WI TH ELECTRICAL BIAS  

In this and the following section, experiments are set up to explore the different effects of 

the humidity and thermal stress on LED packages. High CRI (Ra=80), commercial available warm 

white (3000k) LEDs are used to study the degradations caused by temperature and humidity. Each 

group focuses on either the thermal stress or the combination of thermal stress and humidity. 
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Extreme condition was intentional picked up to accelerate the life test. If test result is the same, it 

can be proven that humidity had no effects on LED package. All the damage of the package comes 

from thermal stress.  On the other, if the test results between each group are not same, thermal 

stress and humidity effects can be concluded from each group.  

Two kinds of commercial available phosphor converted warm white LED packages were 

used for the designed test. Those LEDs were purchased from LED supply. Each of the LED 

packages was pre-soldered on a star board. They were powered up through the solder pads that 

connect the electrodes inside the package. Star board can be directly fixed on the aluminum heat 

sink with screws. LED packages were biased in series with constant current power source. During 

the experiment, temperature environmental chamber was used to accelerate the life test of LED 

packages. Test procedures followed the protocols that outlined in JESD22-A101C from the 

electronics industry (JEDEC, 2010) (JEDEC, 2009). This test standard requires constant 

temperature. At the same time, test samples were electrical power biased on and off at an interval 

of one hour in the environmental chamber.  

Five groups of samples were prepared for the designed test and each group had a population 

of five. Detailed test condition for each group are provided in the Table 8. 

Table 8: Test Condition of Each Group  

Group  Test Vehicle Current  Test Condition Aging Time 

1 XR_C Warm White 350mA 105°C 6360 hours 

2 XR_C Warm White 500mA 175°C 816 hours 

Each group was powered in series with constant current power source at designated current. 

Samples were attached to aluminum heat sink and secured with screws. Three constant test 
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environments were used to check the different effects from temperature and humidity. During the 

test, each group that mounted on heat sink were placed in their own environmental chamber for 

accelerated lift test. The LED package were powered up with a constant current drive that was out 

of the chamber. After two weeks, 336 hours, LED packages were moved out chamber and cooled 

down to room temperature. Their photometric and colorimetric properties were measured inside 

an EVERFINE integrated sphere, following the instructions from LM-79 test standard.  

Characteristic curve of the diode was measured with KEITHLEY 2401 power source. 

Sweep current changed from 0mA to 500mA and forward voltage was measured. VI curve of the 

LED was plotted with the measured data to monitor the electrical properties of the die. After 

electrical properties measurement, all samples were returned to the environmental chamber for 

further accelerated life test. The direct measurement is radiant flux. Some other parameters were 

also calculated based on the measured data, such as color CCT, shift distance, luminous flux and 

radiant power. All measured and calculated parameters are listed in Table 9. 

Table 9: Measured and Calculated Parameters 

Measured  Calculated 

¶ Absolute Radiant 

Flux (ɛW/nm) 

¶ VI Curve 

¶ Luminous Flux (lumen) 

¶ Radiant Power (W) 

¶ Color Shift Distance 

¶ Photon number (1/s) 

¶ Yellowness Index 

¶ Yellow to blue ratio  

¶ Correlated Color Temperature(K) 

¶ Color Coordinates in Chromaticity Diagram (uô vô) 

¶  
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Figure 106 and Figure 107 illustrate the radiant flux measurement of XRC LED at different 

temperature. Absolute radiant flux is measured with spectroradiometer and integrating sphere in 

ɛW/nm. Absolute radiant flux of each visible wavelength was plot together as a spectrum. 

 

Figure 106: Radiant Flux Measurment  of XRC LED at 105°C. 

 

Figure 107: Radiant Flux Measurment  of XRC LED at 175°C. 
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Figure 108: XRC LED luminous Flux measurements at 105°C. 

Based on the absolute radiant flux, the luminous flux could be calculated. Figure 108 and 

Figure 109 shows the luminous flux of XRC LED at different aging temperature.  

 

Figure 109: XRC LED luminous Flux measurements at 175°C. 
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Figure 110: XRC Correlated Color Temperature measurement at 105°C. 

Figure 110 and Figure 111 shows the CCT measurements of XRC LED at different aging 

temperature.  

 

Figure 111: XRC Correlated Color Temperature measurement at 175°C. 
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Figure 112: XRC radiant power measurement at 105°C. 

Figure 112 and Figure 113 shows the radiant power measurement of XRC LED at different 

aging temperature.  

 

Figure 113: XRC radiant power measurement at 175°C. 
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Figure 114: XRC Blue to Yellow Ratio measurement at 105°C. 

Figure 114 and Figure 115 shows the blue to yellow ratio measurement of XRC LED at 

different aging temperature.  

 

Figure 115: XRC Blue to Yellow Ratio measurement at 175°C. 
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Figure 116: XRC Color shift distance measurement at 105°C. 

Figure 116 and Figure 117 shows the color shift distance measurement of XRC LED at 

different aging temperature.  

 

Figure 117: XRC Color shift distance measurement at 105°C. 
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Figure 118: XRC  Color Shift Path measurement at 105ºC. 

Color Shift Distance is the absolute distance between the accelerated tested LED modulesô 

chromaticity coordinates and the pristine LED modulesô chromaticity coordinate in the CIE 1976 

color space. Monitoring the color shift path helps to understand which parts of LED package fails 

and analysis can be great help for LED designer. Figure 118 shows the test result of color shift 

path in the 1976 chromaticity diagram. 

 

Figure 119: XRC VI curve measurement at 105ºC. 
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Figure 120: XRC VI curve measurement at 175ºC. 

LED is a semiconductor device form from a p-n junction. When it is forward biased, it will 

pass current. The forward current and forward voltage is exponential relation. Measuring the 

characteristics curve of the LED package helps to monitor the p-n junction inside the package.   

During the accelerated lift test, at each readout time, VI curve of the samples had been taken.  The 

test result can be used to check if there is any material or electric change of the diode.  Figure 119 

and Figure 120 show the test result of one sample from XRC LED at 105ºC. Test results of other 

samples in each group have the same pattern. 

Figure 119 demonstrates that there are no monochromatic pattern of the change of the VI 

curve during the accelerated life test. It can be concluded that electric properties of the diode were 

very stable during the high temperature test at 105ºC. The conclusion in agreement with the 

absolute radiant flux measurement. However, in Figure 120, an obvious VI curve shift can be 

observed. This is also consistent with the absolute radiant flux measurement of XRC LED at 

175ºC. Dramatic change of VI curve means the electric or material change of the diodes inside 

package. That also explains the big drop of the blue peak intensity of XRC LED at 175ºC.   
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4.3. WHTOL  TEST WITH ELECTRI CAL BIAS  

This chapter focuses on the failure mechanisms and color stability of a commercially 

available high power LED under harsh environment conditions. The reliability of high power 

LEDs (HP-LEDs) used for illumination have been studied for the past ten years and major findings 

are reviewed elsewhere. There has also been previous work on other SSL luminaire components 

such as drivers, but in general there is a lack of publicly available data on humidity effects on LED 

packages. IESNA (illuminating Engineering Society of North American) published a test standard 

LM-80. LM-80 refers to a method for measuring the lumen depreciation of solid-state lighting 

sources, such as LED packages, modules and arrays. This standard methodology would allow 

customers to evaluate and compare the lumen maintenance of LED components from different 

companies. During the test, LED packages are placed in a temperature controlled case (55°C, 85°C 

and third temperature) and driven with external current sources. At each readout time, LEDs are 

taken out of the thermal chamber to cool to room temperature for radiometric measurement. 

However, in the LM-80 test, only temperature is involved and relative humidity effect are not 

considered. In LED based luminaire applications, some are operated in the harsh environment. 

During the operation, the LED package not only experiences the high bias current and ambient 

temperature, but also the humidity around the package, especially for the road lighting and 

automobile lighting.  Proper design of LED products for different environment requires the 

understanding of the various effects on LED package from thermal stress and humidity. In this 

section, the pc-LED packages are exposed to high humidity for accelerated life test. During the 

accelerated life test, the effects of VOC contamination are also studied. Several LED 

manufacturers have released application notes pertaining to the chemical compatibilities of the 

LED products. Material selection considerations and chemical compatibility test methods are 
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outlined in order to increase the overall lifetime of LEDs through the reduction of VOCs during 

operation. In this dissertation, VLEDs from the same manufacturer have been studied in a 

contaminated and uncontaminated environment. 

4.3.1. WHTOL  TEST WITH ELECTR ICAL BIAS IN THE VOC  CONTAMINATED 

ENVIRONMENT  

If a high-power pc-LED package is in the presence of VOCs, then VOCs can diffuse into 

the gas-permeable silicone lens and encapsulates. The VOCs will occupy the free space in the 

molecular structure of the silicone. Once exposed to high photonic energy emitted by the LED and 

heat from the junction temperature, the VOCs start to discolor and deteriorate the pc-LED. The 

predominant failure mechanism of VOC contamination is the discoloration of the phosphor layer. 

After VOC contamination occurs, the degradation of luminous flux and the chromaticity shift 

becomes extremely rapid.  

Periodically, luminous flux and CCT were recorded in order to correlate the photometric 

and colorimetric results to the predominant failure mechanisms previously described. The lighting 

measurements followed the LM-79-08 test standard. Additionally, the VLEDs were subject to a 

steady-state temperature humidity life test of 85/85 with an electrical bias based on the JEDEC 

standard JESD22-A101C and other reports. Upon completion of the accelerated testing, a pristine 

sample and the contaminated samples was cross-sectioned to further investigate the contamination 

area of the VLED package. Figure 121 shows the contamination source for this experiment. 
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Figure 121: Potential Contamination Source. 

In this test, there are two potential contamination source. The first is the port stopper of the 

thermal and humidity chamber and it is made of vulcanized rubber. Sulfur is added to the natural 

rubber during the vulcanization process. However, sulfur is known to escape from the rubber, 

although with short chain plasticizing molecules at high temperature.  

The second potential source of contamination is the adhesive epoxy used in the thermal 

and humidity chamber. In order to fix the thermal couple and humidity sensor, a lot of adhesive 

epoxy were used in the chamber during the maintenance. After the test, an obvious discoloration 

of the adhesive epoxy can be observed.  

During the test, samples of the same XP-G LED packages are separated into two groups. 

Each group had a population of five. The first group stayed in the contaminated chamber until 

complete failure. Samples of the second group had been moved into VOCs free chambers after the 

observation of VOC contamination to monitor the reversibility of contamination. Table 10 shows 

the test matrix.  

Table 10: Test Groups 

Group Group Attributes 
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Groups-1 Stayed in the contaminated chamber until complete 

failure due to VOC contamination 

Groups-2 Moved into VOCs free chambers after the observation 

of VOC contamination 

The first groupôs test result shown that luminous flux of the LEDs degraded dramatically 

in a short time due to the VOC contamination.  The second groupôs test result shown that the VOC 

contamination process was reversible, if samples were transferred to a clean environment.  During 

the test, pictures were taken to record the discoloration process at each readout time with digital 

camera.  

Figure 122 show the expansion of the discolored area caused by VOCs contamination for 

the first group. The black area only appears in the phosphor layer. Detailed analysis is followed in 

the next phase. 

 

Figure 122: Expansion of Contamination Area. 
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Figure 123:Relative Luminous Flux measurement of Group1. 

Figure 123 shows the relative luminous flux of the group1 samples during the test. It is 

obvious that the luminous flux drops dramatically in a very short time in conjunction with the 

appearance of discoloration area. Figure 124 shows the recorded data of correlated color 

temperature. From the result, it can be observed that color shifts from white color to yellow area. 

 

Figure 124: Correlated Color Temperature measurement of Group1. 
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Figure 125: Color Shift in Chromaticity Tolerance of ANSI of Group 1. 

It can be shown that the color temperature of the lamp shifts dramatically because of the 

discoloration of the phosphor. Figure 125 shows the color shift path of Group1 sample in ANSI 

tolerance for SSL source in the 1976 uô, vô chromaticity diagram. The color shift follows the black 

arrow in the plot. Following the arrow, the color shift from near the Planckian locus to yellow area 

indicating a filtering of blue emission. 

The other group test result shows that the discoloration process is reversible when samples 

were moved to VOCs free environment. Luminous flux output of the sample can go up again. Also, 

color coordinates in chromaticity space can shift back to the place that near white point. Figure 

126 is the test result of relative luminous flux for the group2 samples. Relative luminous flux goes 

down dramatically caused by the VOC contamination and then goes up when samples were 

transferred to clean chamber. 
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Figure 126: Relative Luminous Flux Measuement of  Group2. 

Figure 127 shows the correlated color temperature test result of the second group. From 

the test result, the CCT value drops first and then starts to increase caused by the disappearance of 

discoloration area. 

Figure 128 shows the color shift distance during the test. In the contaminated chamber, 

color shift dramatically in short time. When the samples were removed to clean chamber, the color 

shift distance started to decrease, because of the disappearance of discoloration area. 

 

Figure 127: Correlated Color Temperature measurement of Group2. 
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Figure 128: Color Shift Distance Measurement of Group2. 

Figure 129 shows the color shift path of a sample from group 2 in ANSI tolerance for SSL 

source in the 1976 uô, vô chromaticity diagram.  

The color shift follows the black arrow in the plot. Following the arrow, the color shift 

from near the Planckian locus to the yellow area after contamination. However, when the sample 

were moved to VOCs free environment, its chromaticity coordinates started to go back to place 

that near the Planckian locus. 

 

Figure 129: Color Shift in Chromaticity Tolerance of ANSI of Group 2. 
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Figure 130: Reversing Process of VOC contamination. 

During the reverse process, optical image of LED package was recorded to monitor the 

change of the contamination area on the phosphor layer.  Figure 130 shows the reversing process 

of VOC contamination. From the following Figure 130, it can be show that VOC contamination is 

reversible when samples were moved to VOC free environment. After taking measurement for 624 

hours in contaminated environment, samples were moved to VOC free environment. The black 

area on the phosphor is caused by the discoloration of VOCs. Special consideration should be put 

on the lens of these samples. The lens did not change during the experiment. 

The conclusion is that during the accelerated test, high temperature and high percentage 

relative humidity made the vulcanized rubber and epoxy start to give off volatile organic 

compounds. Due to the sealed environment, VOCs of high density started to diffuse into the 

silicone polymer and were trapped into the space between the phosphor particles.   When the LEDs 

went through the power cycle, high junction temperature and radiant power from the chip made 

the trapped VOCs start to discolor. Thus, the luminous flux degraded dramatically and color 

coordinates shifted significantly in the yellow direction.  However, when the test samples were 

moved to a VOCs free environment, the VOCs trapped inside the phosphor particles will diffuse 
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out and the discoloration will disappear. The discoloration process caused by VOCs is reversible 

under clean environment. 

4.3.2. WHTOL  TEST WITH ELECTRICA L BIAS IN THE CLEAN ENVIRONMENT  

The performance of high power pc-LED package under high temperature and high 

humidity in the VOC free environment is studied with several different warm white LED packages. 

Each of the LED packages was pre-soldered on a star board. They were powered up through the 

solder pads that connect the electrodes inside the package. Star board were directly fixed on the 

aluminum heat sink with screws. 

In order to study the effects of package on the reliability of LEDs, several different package 

configurations were used in the experiment, such as XR-C, XP-G and XT-E. Each of them has 

different package configuration. XR-C LED package has a lateral package structure which requires 

two wire bonds to connect the anode and cathode of the die with the outside solder pad. In order 

to prevent damage of wire bonds from the mechanical vibration or shock stress, the whole package 

was encapsulated with silicone gel-like encapsulate. XP-G LED package structure is vertical 

compared with the XR-C LED package whose structure is lateral. The real functional die of XP-

G LED is only 4-5ɛm in thickness. XT-E is thin film flip chip (TFFC) package structure and donôt 

have wire bond any more. Instead, XT-E LED package structure uses solder bump to connect the 

die with the substrate. All these three LED package structure are phosphor converted based. The 

phosphor binder layer is dispensed on the top of the blue light emitter. 

Test procedures followed the protocols that outlined in JESD22-A101C from the 

electronics industry. This test standard requires constant temperature and humidity. At the same 

time, test samples were electrical power biased on and off at an interval of one hour in the 
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environmental chamber. Six groups of samples were prepared for the designed test and each group 

had a population of five. Table 11shows the group attributes of each group in the test.  

Table 11: Group Attributes 

Group  Test 

Vehicle 

Current Test Condition Sample 

Number 

Aging 

Time 

Groups-1 XR-C 

Warm 

White 

350mA 85°C/85%RH 5 5708 

hours 

Groups-2 XP-G 

Warm 

White 

350mA 85°C/85%RH 5 5688 

hours 

Groups-3 XP-G 

Warm 

White 

350mA 75°C/75%RH 5 4000 

hours 

Groups-4 XT-E 

Warm 

White 

350mA 85°C/85%RH 5 5688 

hours 

Groups-5 XT-E 

Warm 

White 

350mA 75°C/75%RH 5 4560 

hours 

Groups-6 XTE 

Warm 

White 

350mA 65°C/95%RH 5 4824 

hours 



203 

 

Figure 131: Absolute Radiant Flux Measuremnt of XR-C LED at 85°C/85%RH. 

Figure 131 shows the absolute radiant flux measurement of XR-C LED at 85°C/85%RH. 

Absolute radiant flux is measured with spectroradiometer and integrating sphere in ɛW/nm. 

Absolute radiant flux of each visible wavelength was plot together as a spectrum. 

Based on the absolute radiant flux, the luminous flux could be calculated. Figure 132 shows 

the luminous flux of XR-C LED at 85°C/85%RH aging condition. Figure 133 shows the CCT 

measurements of XR-C LED at 85°C/85%RH aging condition.  
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Figure 132: Luminous Flux Measurement of XR-C LED at 85°C/85%RH. 

 

Figure 133: Correlated Color Temperature Measurement of XR-C LED at 85°C/85%RH. 

After the integration, the absolute radiant flux, the radiant power can be calculated. Figure 

134 shows the radiant power measurement of XR-C LED at 85°C/85%RH aging condition. Figure 

135 shows the blue to yellow ratio measurement of XR-C LED at 85°C/85%RH aging condition. 




























































































































































